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Haney, W111U", II •• l":SCi:. Purdue Unl~udty. Aug,,.t, 1964.
"A Study of llUqon"l Tenuon , ..U".e In ReInforce" Concrete
s ........ • ""'Jor I'rore..or. M. J. OUUIo111er.
Th18 reoureh 18 !On ""l'"rl .."nUI .tudy of the "lt1o'.t"
I""" behavior of ulnCor"ed COncr"te _ ... I.hleh '&11 In eh..r.
Sp..clfl"ally. th" objectlv•• of the investigation "ere,
II to compare the .t.."n9th.. and »ode. of failure of
«1011'4'110'1 ~.",. ~·tth and Io1tho\lt "h.ar r"lnfo.."._
...nt (v"rtied .tlrrup"l.
:II to deter..!n" "".. the .h...... It"'!'I9th 18 .. ff."ted
..hen part of the longitudinal te ..alon "t••l I_
Ut"'".. ted ...lthln th" te..alon ~one.
rwenty b m. of 6" x 13" .."",ungula. cro••-eectlon .....
loa"e" to .1 1.. " ... (>Ortlon of .. conti"""". '1Udu • .,bJected
to conc"ntrated loe,,_. The b "e.e d ••19n~ eo that th"
critl"al r~lon for rellure the length betwe.n the point
of "ero _ent an" the polnt of .... ><1 ...... neqau". _ent -
co..,..,nly o:alle<! the ahur apan.
Th...ajo< "a<Uble. we.. tha ahear apan to "epth ratio
an" the a~nt of vertical at1rrupo w1thln tha .h..r apon.
a..... wlth n","lna1 ohear .pan to "epth raUo. or 2,2, 2,., ~.g,
.u
4.0, 4.4 wnO! tnted;, In ..~.n of til. bea... the n~.Uv..
tenelon a' ••l .... provilled by r"",r bar. 11'1 tWO laye... .\11
other bu,.. conUlne<l two ler'1u bare In .. _In'll" layer.
In ."',Ution. tour b ...,.. "ere cen with the 10/'lqlt,,<ll"_1
t.nllon b.O .. cut ott at the point. whe." t1,ey ..e.e no longe.
required to reelet tenelon. In all othe. ap,""I".". the 10/'1'11-
tUdl,,_1 neel WlIoe extended throughout tn" full h/'l9th 0: tn"
b ......
It .... tOlln" that the loca.lon of th .. ".Hlcal ''1&90/'1-1
ten.lon crecl< n.ht\v," to tl> pport had .. 1.'9" InUuo.nee
On t". _<I,. ohlle•• CUlu /'Ill ultl ..ate .hear .. n,,,,!"t". Thfl
location of the crlti".l <luge".l crecl<, In turn, WU dependent
upon til .. length of e"u. epen. ttl .. eO'lOJnt of ...." r ..infor"...... /'It.
end upon 10eal .....kn.... IndUce'" by cuttin9 off the 101'1'11-
eu<lln.l ....1 in the Unllon ton.,
Detalled <IleOJ_lIon o~ the tUluu p.. ttern...nd
individual b ..... bah..vior are pruented .. long with the .u..... ry
or tnt re.ult.,
LllOT Of' 5Y!'.BCLS
"a _l.... 1 a"M of tenaton neel
A' _Inal arM of ca.pre••lon .te.l
•
".. ",ro••-alOttio... 1 ar_ 01 on•• tirrup
a le"'JU> of ""HI".I ah_r .pan (<thUn"e fr_ aec:Uon
of ""1 ""t to point o~ Infhcuon)
,
,
<'I' <'I1.Un"e lrCllO "'*1'.....lon fe". to "en'..ol<'l ot CClIO_
p.... OIon ated
J<'I tnt...net NOm*nt S ..m, s ...aI9ht·llne theory
~. _""I"s o( ..hstt"lty 01 a.e.1
." Initial Ungen. _,Iu. of ""n'..ete
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.hN' •••tgn~ to etlrcupe (WOrkl"'1 etc... de.lgll)
110,01 ...1 OhN:I"9 nee" ~ b;" or ~ e. "e1'lne<! In
t."c
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"" DOnlon ot tot.lll _h_un')' .n._ .au')"", to concrec•
.... •"u~••_, at dUqo l cUc:l<I"'l










lncllrauon of aUrrupa ~1.ttl ..upee' to lon'llln.odlna\
.XU
Inclination of ~l.'lI0nAl tract with ""pee, tb
lonqltu<ll"",I I.
& .....01n at out ~r"'••10n tiber at UU"....
n.nln In t...,a.Of' a .._1 at r.,Uura
.~r-eo-pr•••lon rallur.
dla90nal .anelon fatlu ..a
U."" .._) to'na'on tallu ...
atraln In ~Icro-inch•• par Inch
,D<TRotlUCTJCf'
In en effort to depart t .... tt>.. a.ltatlo"a ll1pO"" b\'
the ........,Uon. of ..hau" ",",,",v)or, )ny..t1".~u for
••venl yeou t>Av.. nudJ." th. ultllMt. load boo"",,,! ... of
••I ..!oo"., conc••u .uuc:t<>•••• Whll .....on.bl. it"lU1 tor
d •• 19n "en be obUll,,"" t the ba.le f""clIo......l. of .":"""1C1l.
It U _11 ~nown that u, .,wet beha",'or of .elnfor""" COn-
e ..... hOI" do•• not eon!o.. "Ith th. aUO""".('1 th..,.1'" of
pr''''Uce.
On 10 0: thl rch ..ffort I. th.. ability to
p."'.c:. "lth ."-,",,""'hie .."cuney the "ttl_La •••I ••a"". of
.. ~.. aectlon ...bJected t.o pun _dl"9. ""'at U .... UI
__ben ... aubJ.., • ..., t.<> the c:o-oblned action of bltn,21nq and
.h.... ing tore.. ~'lUeh _y ••n"",.ly H_ll tM' _ .... ".p"c:lty
of .. _.
To ntabHah til .. ,.n"".1 eondltlona u,,"....hieh t.he
nr--.h ot .. _ ....111 be .. tr..,• ..., Or eontIoU..t by .h .
o ..a .l'l'ht C'Oflaldu the c••• of .. U.,ly...pport..... _. und....
two aV-Ur1<:al con<:flItutOl<l loa<l., In U'I1a <:<IIaa tho r.,,1on
b.t...... loada U 1n •• t<llt. of pur. bend1nq, ..1>11. th. l ...qUl
,rrO<o ~hlt load to tnlt Ituppert, =_only "all." tn. ahear apen,
Ie ltubJected to • ~bln.tlnn of .hearlnq and bending torc•••
"'hen the len'ilth or the e""a .. Itpan 10 hrg_ (6 to 7 Um"
tl>. bea.. depth end qrHt.e .. I. the !'Ure bend!n" torce. "."dOped
a. ,",<I-epan ... it lat.... '". A. the I""'" 1. Incru.ed. typical
"ent".' ...n.lon cracl;e .pp.~r on the !>ottom Ude of the b","".
Collap•• ot the b ........111 "ccur by cruehlnq ot U,e concrete
In co.,preulon. rOt beam...at> no,.",101 aOOOUnU of "..,e'on
r.infor" ....ent ohio 10 ,...uH1.y preceded by yleldln,:/ of the .tee!.
1'''. ptuenee of .hear .n the oo.oUr apane ha. no elfect on t.h.
loed carryl"9 "'"",,cHI'.
Ilo~·.......r. If the lond. a "",,,<><1 <:lo.... to the eupporu.
the ratio of eh.a .. to ",Olun I>1g".". TIle eoo>binaUon of
_h.arlng Ittr••••• end bendl"q tenetie .tr••••• produce_ ..
prinCIple ..."elon actinq a~ ~he Inclination of approxl_tely
~5° at the n",,~rftl axla or the bea.. and n..... rly horlZor>l"'l "'t
<he bottOlO ot the be3... EvIdence or thls Incl!ne" tension
Is a.en by the gradual chan"e In In"lInatlon of th. tenston
croCks .s th.y appr~ch <he neutral axl. of <he beam. Betore
auttlclent b.ndjn" momant Is "'e~.. lopad to produca tal lura In
n.""re un6er the load point or ~n tha "Iddl••pan, a dUtlnct
diagonal tension crack appaars and panetratea well Into th.
"CIIp.aulon zon.. , ~'h1l. lhu craCk 'a usually an axUnslon
of tha Incllned oortlO<l of a fle""ral t.."Uon craclt and cannot
..... lly b. conUdered " aeparata one, It la <lUtinct troll the
tatter In ~het It pen..~ ... ~es deeply Into tha """",r"Ulon >:one
,~t tnc..- .... un..,l:,> fl""ter alOpe, c~".ln'l ...19nlt1,,~nt re,H .. trj._
h,Uon ot lh" internal .t..-......
In ",."BUI, 1t I" th" abll1ty or the b ..... to i1..,"et>l
tM" atr••• redl.trHutlon that <I.. tumin•• the "Hi_te,
Btrenqth at the beam "fter lOr,... Uon or th1. dlaqonal craCI<.
"-or b...... "'It"""t ..eb reinforcement the atrength beyOnd
dt"90nal cra<:l<lnq ....__ to b. dq>,",,".nt ... lniy upon the "hear
epan to depth ratio. Pro",t.!on of "'eb reinforcement or
Bt\rrup., In general terma, has the effect of con~inln9 till.
cr.c~. pre"'."t!"g 1te deep penetration Into the c~pre•• ion
~one, delaying the atre•• re"l.trlbutl~. and thereby lnC..-•••l"9
til.. Btr"!'>9tl>.
A ratIonal .ppr~ch to the problem of predicting the load
at whiCh th" lncUnot<! crack "'UI form Bn<l penetrate Into the
ca.pre••lon tone ~uld ••em to ba an analyaia of ~he principle
~en.ion ~.valOpe~ trom a .yatem of combin.~ .tr...... Howevar,
ona can r ....~1ly aee tl>at the ~1otrlb.Jtion of ahearln':! an~
nor... l b.nding .u..... belo,," the n .... tul axU 1. hl,:!hly ln~e­
tar~inate. CraC~ln,:! In the extr.m. t.naion fib.re ~k.e place
at very .. rly .ta9.e of loa~ln':l, At aec~lona coincl~ent with
th.ae cracka the .tr••• orl,:!,nally takan by the concre~e 1.
~renaterred to the t.nsiOn a~e.l. ~~ .ec~lona b.twe~ ~he
"racka _a ~,""ree of tenUon ..,et be "arned by the concr••••
provl~ln9 the bond between the ate.l an~ COnCrete is .... In ..ln.d.
In addition, the .heer once carned by the concrete ••ut b.
:uro ecroaw the CUCl<. As a ruua .h.r. ia probably a
concentration of aheerln':! atru. a~ ~he top of the creCk.
~ ~ 1 1t- ++---- t, ,~.~, ,.,
I , C.loe 1-,.l , T+4T







,eonalderlnq A lengU,. 0.><. of " 1>.... "'I~h tully """.lop...
tI.,..,r_l ~en.lon cred<a 1F19"ra IbL t."- ..... of the _enU
about. point -0" ..at be t.uo.
dTJ<I*Vt>"
•• IEq'n. 1)
~r.bol1".lly In the """"'...... lon zona and 1. of conaunt.
"'loUu". belo.. the nINtr41 ,""11, (he Figura Ie! 51ne8 at
principle lenelon equal. l~ unll .hear•
•" • bjd """ld be OJ.'" •• " _aura of
pro"",cln\l t.he c..-1U,,"\ IncU,,1td cu<:\<.
,.
<
for _ ... "It_t
When thh .11.......1>1. a,,"rln'l' atr.U Je e>«:."'''', ._r
u!nforc_en.. In a.-. fo.. U rMiUlr-..!. n.. _thod u • ..t to
""19" tI'•• 8hM....e'"fore_en .. U broe..;! on tIM _·c.U..,
".1'\1" an_lollY·,
,"~r ton _. carrte _r eon_pondt,,') ~ "<:: •• 03 f~.
I"c1u<l ,,1_ U the '"PHon 1.... t the <l1"gOO',&1 t ..n"n
crack p_u..n ••• t.o .. <l~th jd ..bo". til" , ...ton ".eel (thAt
Ie, t.o ,he centroid of ca.pr••uon). F19Uce 2. en tlUe
1" the follOW"'J ...y.
PlGtllli 2, aAlII$ YOi' TIlU:ii AlU~UlGY
• • 1ndlne tlon ., ,>0 dt"<jonel tenelon en"'"
• • l"dl"eu"" "
". niH'''!''_








.....- to he c .. rri .... by the CVfIcr"te
,,.
• ahNr ."\I.ed ~~ ".rrt .cI .., aU,.""p• • , - ,,







n.. fOrce 1n on. aUrcu? h ':'~t" • ••un,~", """"lee 1 co--
ponent. of the terc•• In ell arlrcup. ero••." br the diAgonal
J!/ -\-t
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,porwon of the total unH 81>.... earned by
V· ""v... bjd ..ne! the Ulrr"T' ntio a. r .. ba •
81 .. "n711> of b ...~. ~lth atlrrupe Ie
• • 0 3 ,.
o (l::q'n.
"
Probably the la..g".1 _ource of _rror In lhla analysi_
H lhe .. rbltra ..y ....lgn...nt of the po<tton or the tout .h......
beam beha"ior. ~a! .. deugne have reaulted pr1.... rlly through
the Y.... u ha".. yielded .. "Ide "a.. tattcn In uLely factor •
.. UI> "upe<:! to tile atren'l<:.h8 pre<l1C:ted by thU melMd.
'" .
•Teneion (1). ""aluaUon of dau from _" 400 te•• be.....
•~w.d no " ..II-defined ..elation b""""en COneret" cylinder
.trengt!> and the nominal ah••rlng .tr....... at diagonal cracking•
• Nu..bGu In parenthuu .."fer to the BIBLlOOilM'1fi at en<l 01
theUe.
,AJ.tl>ou ..h U b.~ of In~•• t19.t10t'1. Il'Ivol"I1'19 ah""
ba"a"lor " .. be tr_...""",. o"er tile hH 1",<> <'Ieeadu, It
he. be... only ~lthln tile l •• t J to ~ yea ... that enou'lh Infor..-
Uon eouid bio ... _l:>l{l<1 to otter .. d~n"r. fc.. the
e.>r"' ..nU...... i •• thod of "aU'!'n. ""'Jor "1>01'19 •• ~·.r. "••"'e "'Ith
....peel ~ all.... In tile lat•• t rwv!alon 119631 0' the AcI
8Jlldin9 Cod., K" ... Ulan. tl'1....,,1non ..... r ••triel." to
\I,•••tl>od for daUna1n1n9 lila .".ug__h_Un.. aU... at
dW<jQt>al CUCl<ln'l to.. btoa•• "11"""'1 ....1> nlnfofc_.. t. A" l·
a1>I. Infor_t,,,,,, on the b_"lor of _ •• ",Ith aUHupa .
nat _..,fUel .... to Ulo d..,nue_ fro. tM conventional
...""....... I09y· cone.., .
A Utl l aIlJ'la ..auon of the boI.!e dtaUlblUon of
IDtan,,11 n.r art.• r dla_at "Udllnq 1& atill laCk!",!.
Ibw-u. IntenUUItd attorn o"",r til. hn .....U! _n hAve
1:r_ht about .....,,, better ... ,""un.endlng of the q __er.. t
Rechan1_ ot .hear t ..U..... I~ U ~h. purpo•• o! Ule foUo>.lnq
"lU"'Ulon t.o pol"~ ou~ _. ot ~h. d'l"'Hl".n~ Un"lr<j"••vUl-
.bl. 11' u.. h~.n....r •• No .ll_~ •• IN". t.o p t •
h1 .. t.o.l"U " l_n~ 1 .,..,.11 ~ Uv1 .
• 1..."Y .....U.bla. 0). lUI. (11)
"WI ttl the • .,cepta..". of the .... of unl t .h........ ~..l"n
crlte'-lon. It ..... t~t th .. 'un~••~t.l. or the probl ..
WUS {O'-90tt fo.- ......lOb... of yean, IiIorly ln~.. tigu.or.
".n "all tl\.Ot the unit .hear .. t "hlct> dlill<Jonilll
creck!"q OCal .., not ill {u"ction of cane"ale iIIue"'!th
alone. ,... -.o..iII ..." ill ten ......lU bee••••" ..tUhl.,
Inv••U'l'U.o.... atill iII<n>... ln'l' to the I".. ot ill l1l1t1ting unit
ahM.. , beqill.. noUCln'l' \hat the '''erACIill etl.. rltl9 n.r... at
dh~l crilldcl"'J .... depende.. t on thr•• _jor v_ ..Ubl••,
l"iII'"'' of one.
The•• iII ..e.
1) tIM cor..,..ete ca.pruuvill aUiII"'i!'th.
2) the p.r" ~'l'. of lOBgltudlnilll ...tnfo.." ........ and
H IlM _'lint ". of no.... l be,,'hn9 Ute" rool_ttue
= tIM iII..eu". et..annq eu... U. ttle cnUcal
,,,,Uon.
The dlnt..et eU.., .. of 0.. U>lrd of the•• "e"illed ill n .... rn I ..
t~~ ..rly l"~·. to tIM ~'lc conatoleratlon tl\.Ot the prabl ..
_. on. of .....bl" u .
W>.U. a r abl 1 of 0... prlndpl .. ~..,.Ion atr.._
_lur "r.Cl<ln9 "'nno~ t. eale:ulnad. ~h ttac~ of bvldin9
.~r.._.. on ~h rag••h.. rll\9 .~ ~ &A9Oft.l c:ra<:l<l1>9
c.n b<O a>q>r d by the '1l...._1onl ••_ qu.ntH), I\IVd. 'or ~h.
U-pl. b-. "nJar COlI".ntrat.ad loall. (F19\1r. l) tIM IV'Vd r_Uo
at ~h. cUtI".! • ."Uon I. the .hMr _p..,_to-<loopth rAtio, ./d.
ur-'-----,I· P I I P
,n ~ 1'_---,1
~p I I
I I I I
v·pCI b-<uRI I
I 'I I
I I, ,I I I
I '-NT! J
" "L --=:::::: ' :::::::::::----
" '!!...!i •..!. ..... ~
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'. ,~" I ~, "
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the to...... tl<>n ot the lnltiel dUgonal CUCk. for relatively
long .hear, .p..ne the tOl"ll3tlon of th.. dU'lonal Un810n crack
and ""'plete hUure oHoon Uk.. plae...1....1tan-. .. ly.
As.oel.ted ~lth the.e·oheervat1on••ev.ral Inve.tigator.
have repcrted two 'leneral <ec>dee ot .h.... r fUI"re. Takln'J for
e"" ..ph the .I"",ly-...ppo.. t ..d b<IIam und"r a COn"entut~ load.
It haG been noted tor .hear .pan-depth ..atlo. belo~ • "".. taln
val" .. the e ...."k generally .tope .t so",e point "I thin the
oompre.llon ~on". ~Ith Inc....... lng load It g ..adUally pene-
tutu deeper. "'" the =ne II g ..eatly reduced. the co"""eulve
Itre....... et be grNUy 1ncrea.ed. Ultim"te fall"re II by
"",.hlng of th" <:<>ncrete In thll redu"ed OOIIIpruu<>n ~one.
ganeully allJac..nt to the I"ad point. Thl. type of fall"re I.
c"","onl y ca Iled t h.. ahear.~pr""ion fell" r".
Ol.tlntt from thi. 1. th o·call..d .u~"en dla'Jonal ten·
alon t.llur.. o"currlng 1n bN of longer .hNr span. G.n ..rally
hllure occur... SOOn a. the du,gonal cuck torme. It tallur ..
do... not occur alteJltaneouely, th.. cuck penetrate. upldly
Into th .. compr....ion tone, and very little lncr...... In lo.d la
.."""IUd to "au.e coUapee.
~ho"" In Fi'l"r .. 4 1. a plot or th...h..ar at d1agonU
"racklnq .nd .t "ltl...te load vera". the .hear .p.n to depth
ratio tor a group ot .lraplY-IIUpported beam. upon..d by 1'.0""0"
and Yleet (25). Tor very .hert b ...... (I"A'd. 1) the "ltl",au
!allure l ...d ..... about t"'l"e the ,Uagon"l craCking l"a". Other
Invutiqatora have r"POrted Ull"re loade ae IIUch ae 2.5 to 1
tl~e. the "laoonal craCk In'! loa"e fo...1..11... bea.... Aa the
".,.;,. - _.-
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end too••hear rallyre 1. delayitd yntll the b","<11ng COlO·
pree.lon oyer the reduced .ectlon 1. hIgh enough to re.ult
ln cntehlng. In the CUe of the longer she.. r sp..n, the cr..ck
d ..yelope ferth .. r out free the l~d poInt ..nd loc.. l oo~pr••-
.10n ha. 11ttle r ••tr"lnln9 err.Ct upon the creck develop-
..ent. Thle hypoth..l • ..,a ••"pport.d by cOlOp.. ratl"e tena
or .. _al,. Uret, "'ith lo..da concentratad at the top and.
eecOl'1d • ..,lth the load. appU,"" a. ahean to the .ldee. The
lV'Vd ratio ~·a. 1.3~. In 'the flret c ••e 'al1u.. ~·a. by .hear
c~re••lon, while In the latter fellure we. the audden dlego-
nal ten .. lon type .. t .. greaUy r~citd 1""<1.
LooJ<lng OIor. clo.ely .. t the ..echanl ... oi ..h .... r !allure,
on. clln eee the pr......nc. of other effecu ..,Mch ~'111 tend to
.odlfy the two gen..ral mode. of fal1ure. OnC" th .. dl"9anal
craCk b"'lln. to penet ... te the c",..,re..lon tone, ..."beuntiel
redUtrlbut10n of lnternel atr..........t oc""r. ~ec..u •• of
the re<luc.d COncret .. .. r .... both the compr....lve end .h... n1l9
force. In the r"'llon aboye the crack ~.t be Incree ••d. Locking
at a fre.·body of the porUon of a be<l. .. outside the cracl<.
(pts. 1·2·3) 1"19"re 3, the ",,",,"Uon of _ .... u aboon the
e.ntrold of <»eopr ..ulon ln tile uneuClCe<'l portion of the 10 .....
(Section , • • no..·• tn"t tne .teel at .eetlon b-b ...,et eerry
.n Iner e<l t ..n.lon, corre.pond!n,! to the gr... ter ..xt.rnel
1lIO..ent .. t ...ctlon a_... There 1. undoubtedly .0lIl" all\Olln' of
dowel action h..re, whle" would t""d to reHe"••o...w"., l"e
."... r cerrlitd by til. unCZ."kitd eOllllpreulon :<one end til. ten.lon
"In tn••t ••l at th1& point. ~~.v.r... the crack ~ld.n.
and roUtlon tend. to concentrate about the uncucked por-
tlOn "t ..ction a_a, the dowel !orcn are greatly increased
and aOOn dutrey,"" through the tot""'''lon 01 the crael<, pt. 2
to pt.~. 1·". Inn.....d sue! "eneton, In ad,Ution. pro"""..
qrutly increflaed bond .tr...... bet"een the ••ction at Ul.
crack and the .""tlona clo••• to the _upper.. Thle, combined
with tI,. dowel ,"ctlon, otten l"ade to pr09r...ha d"unJctJon
o~ ben" thrOll'lhout the ahear epen. "1 ~'" ."ttie!...,' ancl>or-
"'ile by hook or by ext""UOn beyond the ."pport i ......dt•••
!il.11ure could ' ••''It. When anchoU"" h provide<!. true 10.....
action 1. 101 •• and behavlor 1. the" al ..11ar to that ot "
tied erel>. pa. (29/
TIler. haa been .""'. qu•• U01'I •• to .."ether til. ehea.
strength DC .. 'I"-Section can loa pr .... lcted in"" .l>fI ....,1 ••
of t •••• on ...ctangula ...""tlon•• 'There ..._. to b. 11tU.
Into~tlon on ~I ••c. ~pa.l.on. oL T_8..am...n~ r.ct.ngul.r
b.'''•• r ho,",e"er. ln~lc.. tlon...... th"••h .. I08~ ... the for_-
t10n of .h. <l1"",on.1 cracK In .. T-8..... 18 cOlOp.rabl. to tMt
of ••ectangula. b ot the .""''' wl<lth a. th .. T_Be..... t .....
(31) Th. "ltlma ""':lth J:>ehavlor of T_8 _. to b •
• ""' ..~i>at <ltffer.nt. ~I"'PI.-.pan T-b...... t "" by A!-A,1...1(5)
in<llc.t. th.t th. 1&.....,e c"""p..... lon aua pro"I<l"" by th .. 'l..n9"
"ill not a11o,", <l.".. lopnI..n. of th...hea .. -comp""ulon typ .. faU" ....
$!leer .pan to depth .atl0. ,,"r" "a.led from 2 to 7.~. and .. 11
failed by diagonal t ..n.lon. All b ........xhlblte<l .om........r" ..
• tu"",th l:>8yOnd dIagonal .......Klng "ith IncrHUngly gru •••
"....... nU ~or /'./Vd retioa below four.
Th...hear ~ha~lor of a bea~ 1. alao adver.ely .!r.c~a4
by cutUIl9 ort ten.ion r.,lnforc_ltnt In accordan"e with "",...nt
requlr.."".... \.;""" b/Ilu ere ter..ln"~.<l -- say In the neg"Uv"
.o....nt r~lon of .. oontinuoue bea.. -- where they ere no 10nq"..
r~lra4 to r .... let tlexurel ten"lon, there occur" .. "Iaoontl·
nu1ty ""'len IlU been rooted In "0lIl" C..... to c...... .arty
fo ..... Uon of th" dl"."o".. 1 tlltlalon <:ra<:~. l'er'JUaon (14) h...
reported thlot th" load at ,U"\lonal CraCI<I"" .... y be e .. lo~' ••
70 percent of t~t tor the ...... beam With th .. ete.l Cully
extende", In "ddllion, ..au tor_tlon of the "Uqonal erKel<.,
the occurs .. lar9" lncr ..... In eteel ten"lon at til. point
...h th" crock Int ..rae.,re th" ated. If th.. et••l h•• been
reduced at. thla point, It U p"Ulbl.. ther pr_lure yleld!n",
of ehe "enalon rel,,!orc..~t c=l<': ru"lt.
WhU. the .1'1....- .. t .h"''-.C'OIIIl'r.''lo" hi1"r. 'Jen.nlly
<':ecr ....... "1th lncr .... Un<j" II/Vd nt.\o., 119\1r. ~, the """",""t
rlOqulrltd to prod"c. the "ltt.... t .. cn>.hin<j" 1>.0. b .."" found to
b" r ....onably co"atant. (61, (9), (~1). '1'h1. hct 1'1". tltd to
varlou. att_pu to for..,l .. U " crlt"rlon of .h...r~co..pre"lon
fUl"r. ba..,<,: "pon " U"'ltin9 "",..ent. Th. "pproach hU _n
.1.,11"r to th" "tU t. load "n.ly.l. ".Itd for f1exuul f"Uure.
Th1. In"ol"•• the "'''pt10n or an ultl .... t. <:oIIlpr ....lv" .tr...
dUtrlbutlon, th.. p"u...ter. o[ "hI"l> ...,at b. d"urmln.d
'""'1'1rl""11y. Upon ..r1t1n<j" the lOqu.. tlon. o[ equlllbrl"". the
prob!"'" redu"•• to utl.fyl",;! .trU" eo<np"t1blllty "cro" the
"• ...,UO<l. WhUe It "". be"" .~wn that the dUtnllution of
.tUin In" tl""",ul typ .. taUuu U Hn...r, th!_ .",,,,,ptl0"
cannot 1,. <1. for the ahear·",,,,,,....... lon htlure """a"•• of
the inU" "" of the dugonU crack. ;... the crack ~1.d..n.,
there "..,d. to 1><1 concentrated roUtion "boat the eompn8uon
~on. above the creel<. Thl. i. further «IIIlPl1cated when
.pUtting &1=9 th" at ••l occun.
/l.t l .... n tour dIU"........ t atte.tIPta ha .. e be.,n .... <le u>
••tabU.h .. U,.ltlng _ent equaUon. no, (241. (25). (JO).
tn ~ch ca.... however, the •••u~ed para••tera have ~..p..nded
.., h.... .,111' on _plrlcal detenninaucn tl\.!lt It 1. <loubtt"l
...""ther they "en be toun<l to be generally "ppl1"el:>l.,. Hoody'.
-.queUon, (24), developed {"oro .. ••rl .... of _1"",1,, __ p8" end
r.atrained b.a,.•• wa. found to gl"e good r ••ulta .lso for"
aerl ... of t..,_span <:onUmla>B b ...... undar ena and rio<> lo"d"
(27). Ho".v.~. ~h.n axtended to a ae'l.a ot t~_apan contln-
uoua beama unde' ~ltlple polnt load., tha compa'l.on. ot taat
to calC\llated at.enqth. "au "poor and lnconcludva" (8). In
addition, the,e I ••oma queaUon a. to wlletller ....ch a at,enqth
Crite'lon .hould be u.ed, alnce tlla d .... elOopnl.nt of the ah..,·
comp'."lon hlluu In _ ... "Itll"",,t ~'eb ,elnfo,ceroent 11<1.
be.n t"",,nd to d",,"'d on 1\0.. the load 1. t~.n.te"e<1 to the be...
and In • fe.. c•••• upon chance locauon of til. ,aaqonal cnd<.
ll 'ch 11<1. been devot'" pU .... rily to the ....dy ot




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































of the .tirrup•• (9), (16). (23). Yor 10n9.r .h.ar .p"n.
th.r. 18 ."ld""c. that the _. of Ull"r" 1. "ho .h.... r-
tlOIIlpreulon. (7), 116l. Although thl .......hown (7) to '0"
U"" for I"./'o'd ratio. ot 4, 5. "nd 7, the ntJ ..l:>er of tuta of
.h""r~rltinrorce<l, long-.pan b ....... h•• been ""ry U ..HItd.
Th.r. 18 '..,.,••pecuUtlon Ill. that tor bell ... wHh h1gh H/Vd
rat10. and .~11 amount. ot w.b r.lnforclng, fal1 ... r. "111
HUI be of the ."dde<' ",1&9=,,1 t.n.lon type with the .urrup.
yielding i_a<1Utdy "pon dUgonal cr,,"c~1n9.
The str.ngth of b ...... w1th w.h re1nforcement h~. g.n.rally
be"n found to '0" o"erly conaer"atl"" w1th re.pact to that
predicted by the con""ntlon.l nuu an.109Y. It 18 w.ll
accepte<l In thl. """,ntry that both the concnte COfI'pr.ulon
tone and the web relnrorcement contribute .lqnlrlc.nlly to the
ah.ar capacny. The " al "u"mptlon 18 that the cO/llpreu10n
%One will carry the .h r corr...pon<llng to th" dlagon"l
cuc"lnq .tungth of th" bU'" without web r.lntorc""'''''t. Stir-
rup• • u proportioned to carry the .h.... r 11'1 "xceu of th18
valu•• /Iow"".r. with the pr....nc. of .tlrrup. the .h.... r
carrying cap"e1ty of the compr•••10n Zone 18 gr... tly lncr.....d.
n>1. 18 pn.... rlly bee...... e or the r .. traint to p.n"nation
of th. diagonal crac" off"rN by the .Urr"p". 11'1 adc1ltlon •
• tlr<up. qraaUy incr..... " th" <Io"'d C"p,,""1ty of the 101'1'11-
tu<l1n.l r ..lnforc....ent -- .. qu"ntlty n .... l."ted by th. a.""rapuon.
of the trun "nalogy.
8telM CII.nsu 10 Dtl!9Q Pros;II1IIU.
~l.~oo.l Ten.loo- b~.o eo~r.l'lloq th. ~•• t .-cunl of r._
... reh <1• ...: .~...hUd: In ~h. USO'.. Bte.un. !:>t.le
RIK0901Unq th. thz•• _Jor varl.bl•• __ c:on",r~t. nr~th,
IVVd r'llO, ...d p.r...."q. of t ....lon r.lnfor .._ ..t •• the
to obt'l... ~.l.ll"".h1p fo~ the dlt'}On.l erac:!<llHj" load. Thi.
_. ba.td on tht l00)lc'l a>n.l<1tr'Uo.. lhat the probl__•
0... of ."e..at~. prl ..c1ptl t ...lon productd by • c:a.blO'l1on
of .h.. r1nq .nc1 no.... l b ..41nq .tr...... The fora.hUon
eonUI... tht follov1 ..q .....""Uon..
proporl1ontl to the .~.raq• •hearl ..q .U'" over
the ",ron .teUon, 1 ••• ,
21 The t ....U. btnc1I", nr... (f t ' I. proporU""'l
to th. t.n.U•• t ••l .u••• (f.l ..-put'" by u ••
ot the e~'c:l!.ed .tc:tlon thtory. 1. •••
f •• " --"--~ ~
til. pnnClpel U.r•••t • point _ • ...ed to ".riv••n







V., a ~ a (A' Vf~ • I'~),
th<l ul.... Of til. C'OfI.UnU A' .n" I'. Ttl.. para••t.u
A' • 1.9 ."" I' • 2500 ....r. c1'OO._ ..ch thet the equaUon
ytel""" • con........Uv. UU_t. for the _lonty of the b_•
. ,~ (Sq'n. 4)
~. l.ter axt.nded to Include d.t. of o~.r 400 teat beam••
~e•••ddltlonal In~••t19at10n. 1ndlc.t.d th.t tha equat10n
wa. al.e app11cabJe to varlou. loadln9 and .upport cond1-
tion•• to ~a .. lou. ahap.. , .nd to _ .. e ..1th high .tte"'lth
r.1nfo..c ....... t.
Althou9h the equation 1a ..-pHi cal and aa auch 1.
11..1tll<:l to the conditlona of the tun which dlll'ln .. tt.
paulO.tau, It hSO a IllUch "",r. lO91cal baat. than the COn~"n~
tio"",l ahear d.ai9n equat10n. Th. th ....e variabl .. "Mch had
p ..evlou.ly been shown to affect the av.rag. ahear .t d1eqonal
cracldng are no" 1ncluded. Thh equation, aa propo.ed by
Coaftitt•• 326 In th.1r report (1), ",a. later adopt.d 11' the
ACt Bu11,Unq Code rev1alon ot 1963. (3)
Th. rnerv••tr.nqth ot b.... m.... thout ...b re1ntor",...ent
In exea.. ot the dUqonal crad<1nq IOSd, exparien".d In baa",a
ot ahort .hear apan ..... not racoqn1ze<! by th.. e""""ltt"a, Thi.
~·a. pr1...rlly ""e to the f"aHnq th.t the condltiona under
..M"h tMa "x""a. atrength could be fully utlllze<l are not
..ell det1ned. In add1tlon. ahear tallurea 11' the ab.en" ..
ot ..eb r ..1ntor""",""t au audd ..n and brittle In natu;re,
9enerally q1v1n9 v ..ry little .... rn1nq. To be oon.1atant "lth
the ultilOata atrenqth de.lqn method, 1t .... talt that .hear
telnfor"...ent .hould ba provided fot lo.d. In exee.. of that
at dlaqonal etae~ing to In.ute • mote duetl1. type fallura.
Becau.a ot tha lad< of 1>eS", tun ... ttl .h.... r relnfore_ent,
tha """""itt .... <:'OUld not te""""nd any changes In .><1et1nq
proc:.dur•• for proporUonlnq "'.b nlnfor"_.nt. n.ua ttle 01"
tru•••n.1oqy ••tho<! of ......1"'1 ttl••hear ".rned by ..h•
• Urnlpa aUll r_ln ••
A ••con" Jor ,,""nil. In the 1963 1:003. r.vlalon we. "h.
provlatoo! on t l"" at••1 cut-of(. "..,.lon ateal now c.nnot
t In. tad within the t..,.lon zen., unl .... On. of ..hre.
requlr r. ..... ~1. """"'1. aro•• from t recul ...
""'I"h In<11"."a<1 • ".Untte ,,"""ctton tn ah.... a _ ..h ln
b .... dth bare OJ" off .t the potnu w!>er. th.y _re no lo"'1er





















































































































































































































































































































































































































































































































































































"All _lOa v.....1..,11'- ppor1.ed w1~h one ove..hol"".
en.. concentnted l~d (I'll appl1.cl to the o_chang ."d
One ('2) to 0... c4Ig'10fl bot the IlUpporta. n.••• lo."I.
_ ..& b""""ht to the .p.el "Uona tea. .. a"_1 ..-J.d.
na"q. -.. 'ft>a point load to the U .••! be-all _. poalL1on.-f
to d ...dop ......cUle: ..auo of ..xl.... neqU.l -.t to
_Xl"". poaIU". _to Th<O dU~ll. iOn" dl lon. of tl'>e
.p.~_•. &1""9 wtth U>e .ppU.., ._.... and -.ta. a ..e
.he>_ In 1'19""& 5 and Tabla 1.
All _sa hood th;>. .... 6" " 13" clKtangula.. <:cou-a-e:Uon.
no.. "'Jor un_bI. _ra the la...,tI'. of atlM" .pI''' •••• UtI!
&=&1>9__" of the 10ft91bJdlnal ""Uon at_), and u.. ~nt
0:' _b r.un(or" ""'t.Mn tt,. ah_,. apan. roc "Onuol pucp_
0••• ~nlOll ep..,l _ra .... t with no a".... runlorca-
..en .. "1.thln the l ... ,U'o •••. In te _ ... O.e lonqltu,'h ..al
aU·a1 _. C\lt oft "ha It _. no 10<l<Ja.. r~lr,"", to H,•• n
""'Uan. In aU atha 1'••" ...... tt,. at••l _. _ ....d.cl the
tull length 01 th. t>.o••
To tU"t taU" ... to th••h......pan "a", .. n exc..Uv.
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in til. ~1I91"" oulili". H •• 1.,." P2' In .4<l1'-1on, th. "'X1-
mu. neq.tlviO eo.ent, M~, waa ~lntaln"'" iOt I 1/2 an" 2 tl~.iO
the ,.a"imu,. po.ltha _ent, Ky'
-:h••P""Ct..... ariO 9~oupiOd )nU> t1H" ••rI ••, a".,..rdinq
















,- 2_No. 6 110 on. hy,"~. ". U·
All "on,,~.t. "a ...a". with 'TYI'. 1 po~dan" " .....,t. \oitll
by utur.ote4-*urt.oc.-<lry "U..,ht ".or. 1.3.2lj.~.01 (c_ent.
aand'9u".ll "'Ith ..."tu-C_er>t r.ouo ( .../c:-I 01 .660 by
..e1,.,ht end. ce..nt {accor ot ~.38 •.o~./~l. 'The r-.a1n1nq
b ..... ""d ••horter CUr1nq u_. The .11' ..... th_ cha"9~
t.o.o 1,2.28.l.6l _lx• .. /c", .sor. ...d c:_t t.cto. 5.91
"ck./~J. Thl. _1x 9'""••U_th. o{ 4200 co <600 p.l .ot
7 .s.y••
n.• .o9qreq.otea ...~ ".re purc:ha ..... tr 1oOIater.. InjUn.
Ioqqregat•• Corpor"uon. uf.oy.tt.. Th. ~ <j..... t •
..... .. .... tu • .o1 qr."el of 1 1/2 0 m.aXlmu••1~.. At the l.bor.. _
tory It ".o, .ep.or.t .... lnto t ... Ii~.. to .1"1,,,h. '*lre<,j..Uon
<!url"9 hII"dl1nq••nd 811 18r9er th.n 1 0 dl.c.. rd-.l. ay
".''lht, 48 p.rc.nt or No. " to 1/2 0 ,u cofObl"<Od ,,·ith

















Th. lOr-ql"""1,,.l relnfarct"", ....... hl':111 etr.ngth .te.l
><lth .ver'<J' propertt.". a••1Io~ II' Tabl. 3. Th. No•• <, S,
'n" 6 ".to.... 1I<l boon u.1Id '"'ue rolled fr"", til. "Ole liNt. Th.
propen••••ho_ "r, <Me av.rage. from four ~pon•••l~ted
.t r'ndoN. A r~r••ent.tlve .\r.,,-,tr'ln curv. 1••ho1ol" in
H9\u. ~~ .• """endl" ~ _ ",. d.fo ...... Uon....,t til•• ....,1 ..._
.ItnU 01 ASTfo:_o\J05.
TJ..lll.i 3.








"'Ill. I/~· ,U•••t.r plUn bon uu•., for .urNp. In the
ovn~ng .ond the 18" exterior .p.n _r. o! ~rd .. r.d. nee.!
havln...n .'1."". ylald poInt or ~.ooo p.L
5tlrrvp. In the ~rltlc.l .h"r .pan••••• ~r•• v.ry
.oft .... ~ "'Ir. (dU••• 220") obulnod fr_ n... QonUn..,ul
$0.••1 Corpor.t.lon. 1'.oJ<o3o. IndU".. A """'_ ot' tM••0..0.1
_ ••atec:...'" rrOlll the .. roup of .urrvp. In .."h bea. to
".t.r"". 0.••tr...-.t...ln properu... n.••v.r propu-
U .. of 0.••• coupon•• r••ho...... In 'noble 4. A repr "t.o"h•
.. r...• ....."ln "" .... I ••_ In ....gur. ~6. App.nd .. " A.
TUl"i; 4.
PllOPIlt'i'Ih or THil STJJUlUI' $'UiI.
Ult1~t. str.......h
I'Iodlllu. or a ••u"lty
36.(, k.t
52.9 ka1
30.0 " 106 1'.1
AU .pec:I....,. ".or. c .... In th. 3/"" plywoo<l ro.......ho..."
poortl.Uy ...-.b1.., In F1qur. 6. In .""IUon to th. br.<:1"..
• ""..... four -'i\lUly-.po"'" """""'en ."Up. "ue pl.","" ."ron
tt\<O top to pr.vet'lt ~1.. lng· or ttl••1"...
The .teal ........-bled Into. r191<1 ""'9. Vi th the
...1rrvp. being " ..pped .roun" th. lon9ltll<l1 1 .0._1. To
p ...... I<I••"-...t••tirrup .nc""u9. the tr <1........ bent
to :0.... IHO hooI< •••• atx:>..." In rt9"r. 7. Stirrup. "..0... bent
I'la,J"lli 6. Vl~ FIlJOJI: 'I'D CASTl..

to .... lnt.. ln .. mini"",", of 1,," cl"'r b ..H......n IongHudln"1
bar. and 1 1/2" concr ..t .. cov .. r on th...ld.... Th.. u ......ble<I
relntorcln<;l ca<;l" ..... placa<'l on riqld n ....1 cMlre to prov1de
2" el r cov..r on th .. bottom of th...pecl ....n •• L.oteUI dl.-
pl.. " nt of th.. ""'1" <'luring pounnq "" .. pr ..v ..nte<:l by ~'irlng
it to th .. "hun .nd to th .. fo ...... t th.. top.
Th .. "oncret.. for .... ch ep""lmen ...... pUce<l In thr .... equU
bat"I\.... T..u 6" x 12" "ontrol "yllnd..n were Ul<en fro", .... ch
bat"h. Materiah for all thr..e batch w.r. welgh..d prior to
..1"1nq, "nd the total ti for phc nt wa" approxim"t..ly
1 1/2 houri. "'ch batch thorouo;hly mlx<><l tor a_IO minute"
In " t.tltlno; drum mlxu. 1\ 3/'" Int ..rnal vibrator ...... u.&<I
<'lUring th .. placinq of th .. concrete In th.. for,.e.
Th.. I1d.. fo..... wer .. remov ..d twenty-C""r houu after
caat1ng. Th...p""'I .."" •• alon\1 ~'lth control cylind..r., ~·.. r ..
""re<'l ,,""er moUt burlap for 5 an'" 12 day. for the 7 ..nd 14_day
""r.... r .... p ..cUvely. One d.y prior to t ...Unq th .. burhp ~'U
r"""",ec1 .. 0 that the b.... m could be prepared tor te.t.
A IlaldWln hydraulic te.t1ng m.chln .. of 600.000 lb. ca""city
_. " ....<1 In th.. t ... t1nq proqum. II qenu"l view of .. _ .. In
teat po.1Uon 1••ho~." in n!l'H" 8. H\JUr.9 'II v.." th.. d._
tUh of the loadln<;l and ."pport "pp.ratu ••
"teel nraln. ~'''re .....ured by Type A-Ill $"'-4 eI ..ctriC
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"~~9C. of IIp' 'lege l.ngth, The proc~r•• u.~ for ~ntln9
end ... terproof1n'l' ere 91"... In Append1" 8. 9trUne ".ore
r"",oeded wLth" IloOlclwtn _.1 "t," etr.ln In,H"etor.
10-'>10',,,111', nUI,,_ In the lonqltudl"al r"intoed"q "ere
..H"" • .-:! only at the eltC'Uon of ... ><.1 ..... _«le. In ell but
t e the '1''1'. >;,ore loe.t~ .or J 1/2' frQ<ll the ""ntet_
H of pport... To obtain a"M{\Iete _terprooUnq .. 1ftl'ilth
of 2 1/2" to )" of the .elnforclno;J blot .... owe."" with an
••phalUc ... terprooUn'l .. t.rlet. rique. 7. a .... telt
UlAt l! 9.9'. "'ore pl.cc In lI'l...hNt .p"n. the 10.. of bor.d
would alg71.Ue>Ontly _Ueet _. beholl..lor. Thh effect ....
atrorqly In,Ue.ted In _ ... lA... end I.~l. ""or. tOOO "'.9"a
were phced .t I'" and 2.' fr_ the ....Vo'Ort.
!Otraln <)"'J" _re .1_ -..ntC on ntrrupe U, the crlUcH
anN, .p"n. jtn.,. lI'l••• 9'"9" "'a pIa".." at Ule poir.t ~·llen
U,e dUq""al en"" .... "xpecUd to cr.... 01.. eUrrop. the '1-'1_
1oe_Uon. _r. """"1_ tor H"" 1n,H"I""U _. on u.. "r.a.
pau.rn .!Met••
~rh". etr.ln. 1n ttl• .,...."... t • ......,....non =n. "er.
_ ....ed .t 1 1/2- t ttl ppon ><1ttl. 2- 1oll1u..,... '1eg_.
n.••• dl.pli1."_flIOte _ " to ttl. n .....et .00111 Inc". it ....1
'1.'1. pointe 1/1" ttllek _bedd..:l 1n ttl. COnC...t. to ....,ti".
u.. "l'.ltt..,... "''1•• 11'1. ".n1cel po.1Uon. of th••• 'IiI.'I.
pointe n .. le4 __""'t ! .... _. to _., u.....!o the
pa"t1""h .. 10Ci1.t1one .... il.l_ <1••",,1_ on the " d< piOtt ...n
et:.eu.
l>4Ill-et1on. un"u the ove~","nq "'e~e ~.." "'lth 0...., .001·
rltdenl "1.1 9a",.. , .uppon~ by .DI1~ ped.....l. r"Un", on
the tloor.
t.o.d .... applied to til. _. In Inc~_n'" ot ..... to
lIv. kip.. In the "~ly .""'1U 0: l<Mlotlr>g fl",. Up 1nc:~_"''''
...~. u.e<'!. "" the l\1a'l""U c:r;o.a. beqan to to~... the 1..c:~e~
",.. 0. ",cadu.lly ~_c:ed.
A! ~ th. appllc:.Uon of eoc:!'l loooc! 1"c:~_..,t the lOOOel .....
"1ntUned c:on....nt. wh.I.le .tc.l" an'" elflll.c:tlan cHd1n", • .....c.
reeoc~ed. Atl .. chc:. c:c."". ".r. c:.r.tully tnc:ed,en<l thei~
p.n.tratlon at "c:h 1001<1 _ • ..ened. the U<I.. of the be."..
".<1 pcevlou.ly b.en painted ~'ltll Pl.. tu ot "-rle .n<l qC1<1de<'l
to tac:lllt.t. tcac:lnq the c:~ac:K p.tta~na.
Thr.e c:ontrol c:yl1n"an for aac:h b .... ".n t .. ted in
c:OO'p~...lDn and thc•• in .p11t-tan.lon. An O· e"UnlOlOetu
"'" attlc:ha" to two ot the c:otapc...10n c:yllndan toc OIO<Iul".
ot .1I1t1C:lty ".teminatlen.
..
Table S 91".... ub,tl.or ..._ry or t.1I. puu"..,t t.Nt
....... ll. tor .U __ " •.0.... I'I>oto<j...ph.. ot the _ ••
art... Ullure .or••_ in <"gul"•• 10 an:! 11. !Jtrillin an:!
d..:1..,Uo" _ ...._U for ..",II _. are pr__tltd
""u;>lucally In thl •••etion and " ..a 9'''.'' 1" U1bllhr to...
'" Appendi" e. In ad.HUon, .. bri.t d••.,rlpUol> of "ell
tea. 1. 91"" in an .. unpt 0:.0 corrdet.. the ......r/lad _OJIJr ..-
....u "ith th .. PC09r".l<>n of c""<:I<••.,<1 vnh p«rucuhr
ob••"".. tto.... _de during the t ••••
All lo.,,!. r"POrted herd,. .ora the loa". appl1lt<1 by the
lUting ,,,.,,111.... The dead weight of th.. loed!",! ......bly
"an b. obtain,"" from Hgure 9.
rOI" be_Ita withaut web rdnforcement til. 10lIO<1 at 10""'_
UOn of the <luq"" .. l t.nalon creel< 1" OIOet c lly
determined. The eltecta or th .. craCk'. penetration lnto
01. " ..........1on :ton. "ere 'l.n Uy i __dUte. Ito.'uer, lor
b.... lrl.th hrq........,nt. ot 1> ralntorc_.. t the n_r...
c..:l1ncH~IU""_. 'ln~iOl. iOrd iO diOCln1U dl.go.... l eUcJ<1n'l
loa<t _. OCt.. <t1!f1cult to <tatan-lna. For th.1a c....", thoa
11a.gortiOl cr.Cl<1rq load 1_ dan ned harain ._ th. load at wh.Ieh
th. erl Uolll dta9O"&! ec_a __ o'-.rv.:l to c ...... ttl.
k_
.1....... Vltl_.. Aotulq 1101.-.. - ... _'U
... lp••I_ C..cU•• ~ It,..... 11000<1... .,
WH DI........ I Su... '.11•••
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T"•• I .,,11.4 1...4. (4...
1....1., ....r •••• )
...............1 .
rIOOU 10. B5AA$ Al"J'1ll TUT _ $D.IQ I I\HD II
••
"...:Ho eutnl _><1. for th_ 10...... of thl. l ..v .. tt'iJ"Uon
U"'l..-T t 4.0· too 4.2- fro- tM co-pr...lot1 Uc••
;ru.. J
~ral cr.~ .t II" fr'" the ~~pport. ~. ~.ll Into the
co-pr...lon r*>110n.t ~ '" 3r}<. Ho_v.r•• e1qnltlcant
re<!latrtbutt"" ot .t fie! not ocellr "nUl. 10<1d or
34."" _ .....che<!. "t P '" 34.9'< .pUnu" alo",!, tM
.... ton thr....9hout the ah"'r apan, .. Ine!IC.lle<l 0 .. the 10."
" •• atnt etreln ""ne of i'19Ure 12. IIoU U.., a l1,n1fl.
Cant break In the I""" v •• <Ietl""Uon curv. or F1<J1". u.
Concr.t. compr••• lv. atraJn. at the .xtr~.. rlber.
re.ch~ ••axI~.. of 1025 ~lc"O·lnche. per InCh (her.ln•• t ...
,
dUl9n.te<l MIll .t P," 36.4 and then d.cr.....~ npldly "lth
and 2" .I>ova tho bot..,. aur!.c. ~er. Inl1Ul!nce<l "y the "e-p
p«>.tnU"" 01 th.. cu<:lc ane! "",r. d ••conU.ue<l .tt... a 1.,."
of J6k. lb_v.r. It 1. !;<!ll,""ecl that c .....hlF\9 In thu reg-Ion
..... the p ..l_ry ceua. of t.UIlre. Th••PP"''''nc. or tM _
at coll.p•• _. U ..llar to that of _ .. II ....I. In IIIl-I
..
n.. d1l90.....1 t.er.lon c~.C!< "."dop.1 1n t-h. aa_ .... r.ree
•• in la-I: _.e, N,t. tMt It ~••hllt*" lli9~t1y
<:l01.~ to the ""Fl'Oet aDd .....U"htly h19h•• a. It p"",._
te.Ud "i~..,tly abo"f! the "'ppget bloc':. At." ~ x..,k
apUtUn9 cuc1< ~. ol:.erv.., o... t t.e tM pol"t of lr>flote-
.ton. "- loadin<s eor.unuOl<l, .M_ IplltUn'l con.tnued
Into the poa1n" r ..:aor, .nd .t )')1< hoO.1 .",urde<!
to the othu load po.nt, ~in. _ l.~g••ncr.... 1n dClec-
tlon .c~nled thl••pll.tirq "nd ~elul.ln~ 1011 o~ !;ond
•
Concrou coctp~ell1V" nr"lnl ....... In.J practlc"lly cOn".
l.nt !rO/ll thll poi"t "nUl the hit e..dtn<]. "erl Uk... "t
54k , A. 51 k " dllgon.1 craCk tormed In the polltlv. mcmanl
e'"'llon, Jun peloe to tUl,,~e •• 5".lk .. l"e<]e ae... ot
COnee.t••dlec.nt to .h.. load 1', .PP"~"'" to "bul,!"- OUt
.nd be9"n .pallin" otr, At coll"p.", .pl.t.t.ln9 ..". ab••• ",,",
.101"9 the bottal 1\.••1 to u.. ",teelor eupport. ivtdf!ntly
fall"r. _. p~I_r11y due to ""'.hi"", ot the """"Penllon
ZOne ."le".... to tl':e load, ",. I\o"'.".e, "0 I\.UI" ......."ee-
.....t. "",e • ....11.., In th1. reqion.
"n.. 1 ..ltUI dl&<]on&l t ... Uon cnet< croulOll tM ..eu.ral
.'<1. U .bco"t JOk. lot;. ~~ ~ )6k '''''' tl.lly Inc.1lr&<l crack.
l>~.n fo ...l .... "tt n_t u,@ i ..U..,uon palM. @><tertdll'q 1>oth
~_rd th.. 1I0rth .....""n &..d la_rd U •• 1...<'1 pol .. t. 1>2' The
load ~.ll ot: r.pldly •• '>1.~".~ .he"@cndo,, bOll.n ~ open
noUc..l>ly. A _><1...,. I ...d of 40.~ _. "'.1."1"10:5. &l ..... ch
U." lllee. two cr&d...pli' ....h.ly thr.......h the _ ...
..,.,. d1&'101\.l crack ..~" ..ell 1 ..00 tha c"",prop"lo.. %On.
&t 35". At 37" tile crack dev.lop.d rapl11y to..ard til. te.._io..
".ed • ..,.,••V"U.. " <:oncret... tra.n on tile bo..o," deer...."1
dlqlltly fro," 37 '0 3"" and 1I.ld =nlt~.. t •• alx>u. 000 lUI
"p lO th" 1.lt tH<lIr<j Uk@f\ _t .t<. ;,••<k I"""ral lor.g'
IplitUn.. cr."". a~... t@" at Intuval•• Lon.. tha ndon
.t••l dl ..eet&<l "".... rd the load poll'll. At the 0111••
• hort tin. c ....,,,. "pplNr&<l i .. the compr".. lon ~n" Mlo..
th" .." o( u.. dl.won.l en"". Thl., pi". the .pp.......c" 01
of th" .rflectlon poi .. t. Indl.,.t" ~b.'."'I"l ..edi.'rl-
b ..l .... (0110"1"9 the lou of 1>or.d tn """. til" .Ie.....poo ...
Crac!<U><J .,,4 IOpIIllln9 ov.t oil" _11 _r" hel"" tn" e:>d 01
..
the craCk conu...,"', .. Vl~ l~d ..... Iner... It'l. 1"" app.. r.
ene.. et collep"e Ind1C.ted th.t f.llure ~. by Ihl..r.
COllPrelllon ..ch Uk.. thollt ""ld",ced Ir IUI-1. ""e.e l .. ,<;e
c"".hlnq It.r''ln. "e,e '*<>Dtded.
_ .. lA-I
(~ itl ,,,,,p... 2 LaY'll,e of T..nIU'" ited)
no" t._~lor of th1. _ .... " .. rly 1<I.....e.l to tNt
of 1.....2.
~_II 1.... 4
2 U>y..n of '1'''''"100'1 it_I)
The dl.~or.l ten"lon er"ek fo~.r~ .. t. 12k .... loe"ted
~eh lart.her .wey fr~ th.. luppert. t.Nn In .A-l nnd •.
llovdopooent .... 1 ....eh .are rapid, "a1lun .....1 qu.te ""dden
.t P _ 14k .",t ..U ~4IrY IIIJch Uk" t.he flUure 1n the I>N""
of long.r Ihe<tr "p.n.
In thU p41,Ueuhr bNII "train ~.ge" "cre phc-.l OUt In
t"" .h Ip"n (on .. at l~' an" one at 24" fr". th...upport.l
no. pr ee of t" ..... 9.9"...y hiI~e M<'l .1' ..Heet or. th..
' __ uon of the cr"ek an". In turn, On tha "bOlly of the
_ .. to r ...eh _ 10rce equIl1t.h·· _Iter &"9:)<'&1 craclr.1r>q.
- 1- ' ~ , :. I
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n.....rueal !lo:ural ~.".101'l cUe" (riqu,. 31). "hieh
...... tu.Uy d ....doped tnto til. "fIU".l "1..,.....1 t.""uon c:r.<::IC,
sUrtlOd at. _bOon 12" !r.. ttl....ppon., t..lt to .. 4~O Inclln.
" ..r .Idd~t.h. an'! " ..d«l st.r.lqhl for t.......pport.. Yr_
, '" Ji< to l ..l< 0>,. &..,,,,,,.1 CUd< p....tr.ted Into t.M eo.-
ptnnan Ulf>_ to "U.h1n 2" o! t.h. ~r...tu. hee, ext.ended
hIIel< at 45° to.. 101<w-pth to t". ...,.ton ne.I, .,,<:1 \oldened
.,.",aiduably. 'M"Ha _. aha .. noU","1:1. d<ocr.... In
the attft"••• ot t.~ b_a.
A!; J," .hort. incl1ned "..-<:1<. beqa" to .PIP_' .010"'1 the
t.~.lon &....1. At 40" thl.'pllttl"9 ••t~(I1Od th.ou~h the
POint ot tn!lecU..., to the other 10'1,1 point. At thie potnt,
the load dropp"", ddenly to 36.5k , end the ...BtU"", erncke,
t<><;lnller ,",lth t.he In diegonel crael<, ap.fled "Ide, 'roro
tht. pOint On. the concrete etrotna at I' abo". the botto~
surUce Iner....ed rapidly. Ho...vu, U..... on th .. bott"'"
So.. I'1qurn 2& .. n<l 27.
Flq"r.. 27 1 plot c>f th. oUUn••t • y.rt1c.l ....tion
J 1/2" tre. th pport .. t Y.rl""'. 1....<1.. At lo~ 1.,.<1. th.
<lhtUb>tlon _. n ... rly lIflelOr. 1'h.. r"",,Utrlb>tion of at.Uln.
follOW1n'l p ...t.ratlon of th. <lU<Jn""l cr_.:t< 1nto tlw co-.
prnu.,.. ~n. 1. l,.:!1c.t."" by _ .h1!un'J ot U1" n.nul _xl_
to.... ,.., t"" _ ... at • ~ 30 .n<l Je". At)Ok, th. 1....<1 at
"10Ihich th...plltUr.9 <:"'<:1<. app ed a1on'1 th.. tension nee!.
fUHMr u;u .. tnb.JUon ""<:'UH th.. poln. at _><10....
e.rUn _. flO. lon9"" at 01" exU_.. tlben.
UIU..... feHur..... by "ruahln, of til. cor.cre bolow
the _<I of the dU9oniOl "",Ck at .f!<. ...." u.. I " of .".
of th.. OM.r of SOOO lUI on the .... el<te. I\owevllr. a. Ule
10&/1 of ."J< _ .......Utn-<l. cru..lUnq 9r• .<lually .pr"d au.
BM,. 113_2
Into the cOOlp....lon zone end ext6ndllCl back t.o th.. tenelon
•U •• I at th.. 1 .....,. P .. 36. '!'he pe"etnUon of bottl crack ..
"'nile.. tnt.<> th.. """-Pre."!",, ZOn" .... clearly r><>t •• rapid
•• that ot bH. 1I~1 "'Hhc:lut sUrrup_. "ole th.. 1.''1''
cr""" (Flqur. 241. SUrt'U;> (t) ""ch.-l yield auetn at the
•lOll" ;!06. In eddHlon. du'......... al'J"IU"e"t b'MIt In the
"noU"..bly. ,....,. other J.n.tru....ted aUrrupa, ccoued by
tIM cr.."". _ .... yleldl",! at 4,1< and 44k • By 46 k th. ""act<
_. do.... to vtu.ln one lrch of the ...-pe"",.!". hce• .\1.,
.t %" aplHtiro <: ..&<:1<_ .. lor9 the tenUon nee1 beqa.. to
by the pc....,,,. or aurrupa, H a ..111 .,.....<1., to Ule other
•load PO'''l t:y , .. 55 •
1>ot~ b*;la.. pickl"... up re!iIIu". to th.. uu,,, .. at 0.• .xtr_.
tibe... , •• ~ •• thle _pl'tt1",! occur ..". I~. 'ique.. 2~.1
At th.. uln.t. load of 6:1'- conC..ate analna of 3100 'UI
"'era ..acorded at t1,. 1/2" <;1&"'- Una a..d cn,ah1n9 0"." th.
10""" I 1/2· to ,. _OOn follo"".
not... lao from Ylque .. 2P that th .. point of zero .traln
......Une<l ..early neuon...y !rom P • uk to taUu ....
a.... nil-J
.ito... appro"...... po_iUon ... 11> __ 118-2. T!Mt ceHt .... l ""."k
cro..'" u'e neunal .xu at J$k. but rurthe.. 1"c"",." 1n lOoll:!
(oCO'" • S!)I<) woo .. requ1Ia1 to u:t_ It ~"" to the tenUon
"ii"I"NP lel .... tillt Un.. t.o yield a" SOk. 'hlt o ..hlt"
t...., .U"Np...1 ..h "."u ylelc1-.:1 a" 56k ancl "k. lliltlt Vl'JUu
p""'''''-.:I ~"h Ulit 1nc"....-.:I .....n .. 01 aU"Np•• bIt. _ •
.......Uclltub1y d.l.y.,..nd dl<1 ....t. Itxt. ...<1 lnt.<> UI. poItlUv.
_ .. ra"):lon "nul n&O" "IU_t.1t lcad•
..t. "k t.hIt .._alo.......1 baq.n t.o 1'1101<1, (F.9U". 23).
Cone".....t.rltl~a "a"a .1ao Incr...1nq r.pldly t.hi. lead
Cf1q1J". Ul. .n:f cN.hlng over tillt lo... r 1/2" pp"ren..
• !"a" "k 1\&<1 be_ .......1".,. for -., <.1_. (lie. T.l:>l. 1:0
In Appen<llx C.l Col1.p.1t follo~.t. 6,t.
The aftec.. o~ "ha ......... " .. of web ra1"!orc...... On "~.a
r-.:llatrlb..tUon ot ."r.'na tol1o.... nq dl.9O".1 erackl"'] can
b.....n by c::oap.orl".q rl'.l"r.. 2~ a ..d 2~. ll"'Utrlbo.lUor In
116_3 did not. oecur ..0 any great. eXt..nt. un ..11 .11 ."lr~p.
"ara ylltldlng a .. "k. I'ota .ho CrOll F1qure 29 "ha ....he
h19h eoneltnt. ... t.lon of Glraln .bo"e th. Itxt.remlt tlbltra _~ a.
not-.:l In b..~a IIB_l and 118_2 _. ".a not. a"ldent. in beam
11&-3,
at._l <l1d nOt. allo... t.h••r"hing acUO<l.
Thlt .trect. or the In"r..a-.:l p.rcant..ge of ....b relntor"••
__t. la .1.., 1n<'lICOt.'" by t.hIt loa<l "a. daUect1O<l curvlta of
Fig '''. 25.
t. ....&l0<I cr."". '""" t..., _a grltdu.l1y lo.t. .Uff"e....
t.toe load .... lnc.-waed. The elo.ltly apac'" .Urnlpa of
..
df!! lecUon ",,,"'e•
...... r do.el,. apace<! <l1'"ilon.. } cr."". (F1q.,re lei ero.."'"
tnt.<! th. C'OlIE'r".lon re<;ion Olt .bc-., the .... l~" of 3SI<.
Th. U'O htU,.... I cos th.....pport ."..,w.Uy op«led ~i<'l. Olt
failure. an. 01 Ut••• en.dr...... d.!1oltely ...oclated wittl
eh......1 "...U.-oH an" ""d p"".trated to o:lth1" 1/2· of the
~r."lv. lace Olt SOk.
Both U.lrrup. "'uti 'l'aqu yielded at 511< _ 5~k... dh'Jo-
"",1 "."810n type lal1"r. 1011,,_ ott S," ...at> both cnCk.
<)pltnlrq "ld.. antT .plnUng "'Urely ctl ..... 'l'h th .. b ...",. Con.
cre"e .crain. r~"lned 10" adjacent to the • .,ppott.
Although tl'l. _. of fatlur. of u,a bum ..... quit.
<l1tte ..ent !c"", iu companion beam "Uh .".."nlle:! neel (HB-3J,
tI,. l ....d-.Ualn bell."lcr ~.•• nUrly the ..... prior to latll1' ••
5... rlqur•• 23, 26, 20, and 30. The lo.~ " •• deflection
eu..".•• of '19"".25, howeYer, In<'llcate .. dtU.ren". In .tlff.
'Ie•• foll~-ln9 fO~tlon of t~e dle90nal cra~.
B-. 1Ill-5
(Ifo Stlrrupa - Lc.c>:;"ltu,hnat Steel Qlt-otJ I
e dla'lonal crado (P191lre lSI fo..-e<l at 2S" alcm<J th..
••~. psth •• lIB_I. At 29,11< the creek ~. ~lthln 1/2· of
the bot~ 'n~ .,,1IItl"'1 oeCl:lrr~ Uon'.! th. _ClOd to U,.
eut-o!f. Th. 1001" fell ",""entll' to 25.i<. Lo&c!". '"'IS in
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"lip to the load P w J6k the n"xu .... l cradle ~d petle-
t-rateol no ferther ..han the d~th t.O the cnet<"d .ecu....
..... tral u;a 14.1" f..- the ~r•••1Y. fa.,.l. $e" Y''JU ...e
as. At)6k .. dl.tl~ct lncllr~ creel< p...tr.t~ deep Into
Ute cc.pr loa £One (to ..aM" 1 1/2- of 0.. a>-r'a..." •
.."'. on ttl t .lde' "nil ext_<Ied beel< ""'rda the t,..,,,len
"t••l. Including the ~ 0: the exJatlnq ll~r.l cr.~. h~
nil: .. "ery .,""e" dl"9Onal t ....elon tllP" tUI"re c>e<:urrfll!..
!tie 1.... " o! n" ..........uin..:! with lottie "~'."9. at Ura ...
Complete .~r.tlon thetl tooK piece _I.e... lna.entaneouely
"lth no .pprKlable "1denln'l or .", ..e""lon of the ,n"90,,_1
cne!<.
ThU .... " -.on und"lrable type of tail" , occurring
"'Ill> v y IHth ""' ...nlng. There ..u no noUc b1e lou In
etilln "he" the ,H"qonel cueIr. fOl'llled at J6k (llee i"lgure )'1).
Prior to .... ihp.. the..e no In<He''ticn 01 1""...."lI"g lailu ... ,
Un". the crlt1cd c~.d< only hlI1rUn. in .....,,~".
Ilea.. Irl1l-2
_vlo~ or thi. ~ at low 1 " tUlly
i""'Uc.l Vl.th tl>&t of EN. 111&-1, Ttl. crlucal "1~or.a1
eU<:I< fo~ at th...... 1<>11", P w :16k IS.. 61'l11r. '6),
"tlowev.r. in penu.nuon ..... n<>t quH. " d.ep •• 1n IIlIl_L
,o~tlon or the crlUc,,1 Cr'ck OCOJrr" 'fter th.. loe" of
J6k hoOd ~n "".t.Un" for .OO!l' U"". Non the 1""9" in-
cr..... 1n Ul••nUn of 'Urrup. lbl 'nd Ic:) 11'1'1"r. 3")
'nd the Incr...'" d"Ueeuon CI"'1"r. ]9) .ft.r the d1"qor.l
c:reel< hoOd fo.....,.
CIt> the _.t .ide Ul. dl"'.!"".l cr''''' 'n ."tft'uon
of the tlr.q U ..... r .. 1 ten.lon ere"", r ... on 00. _.t
.id.. It ~r.t. "r:'l c..-..<'I the Un,..""l encl<.
rolto><1n9 the fo.... t1on of 00. crltlc.l dl"9"""1 cre<:k.
the stlrru". etfecUvely _lnUlr'" b .... "ctlon. " ""n by
only ••119ht decree" .. In atiffn.....,,1 by the Iln..r loed_
.t_1 nrun ""no. I ...... r1qur. JEI. itir,..,p Ie:) be9"n
yl.1dln9 .t l'. 46". At.oon •• thl. OCOJu"" .t1r.... p Cb)
l>e9'n picklnq up "raIn r.pldly. At 4~k .tirrup Ib) yl ..1d"".
th. loe" r.11 orr to ••• 5"••nd the "I'']onal cnc" Ipllt
entlr.ly throuqh the b...,.. No lurth"r Incr..... In load could
Stirrup C.) ""'" not al:eet ..d by the crHlc.1
dH'Jon'l cr""" ••
I'UI"r......" ..ntHUy th. dl"qon.. 1 ten.lon typ. UHur•
• a in Il.... IIIIl_l. occurring 'fter the .tlrrup' c:ro....., by
the c:r'ek hoOd yl.I""'.
In thl. partl""l.. r te.t the loed .... r "'" ..fter • 1<..,d
of 23. ," hoOCI been "WU.,. ..... bee. _. th r'loedad
contl"""".Iy to f'l1"r •• f'lqur •• l6 .."" Jo ._ the dHi.rene..


























"en>.MnlJ _. ~1.1bh on t.h at _I". ov.~ th. 1o",.... 1/2",
Aa load .... furlh_ .. lncr ed t.ni. cru.hlnq Ipr.." <Jt.~.lly
."ron thl bon.,. to th" " .. t .1"•• UIU... t. '.Uure .... by
cru.hinq of <:1'1" conc:t.tl in lohl lower 1 1/2" to 2" at the
a..,tion••"J".,ent t.o the "Ilppon.
fb~.".r. indication. Wire tMt the ,U.qon.l cra"l< also
l>ad" hCVe anKt. At "ltl_lot 101''' 0.. dUOj'onal craCll; _.
th. only On. U> ope "leidy, In ado'lt1on. It two. b_" .he""
that loki dl.trlbutlon of .tz.ln over 0.••.eelon r~ln.
lIn_" in .. !laxural tUlu"•• 'or U.U ~. Ole... "'....
".Unlte concentr"Uon of e<IIIpr... l .... U ..... in 0"." the 10_r
1° _..<'I an In<'l!cauon tholl. the dlaU-UuUon _. "ot conti"""""",
hJt hroJ<... t _bout 2" _bo... th. bot..,.. ,."•• I"lqure .2. Her.CI,
the ~. of fUlure for t1'\1_ b_ -..ld bl." be d••crlbed a.
II c:ooohin&Uon .h..r-<:collPr on ..not U ....r.i e... ,on.
~ri ..... of the l_cI t .... dlUIO<:Uon <:t,:rvl (1'19Ur. 3'11
of tlU. _. "lo. u.-~ of _ lU8_2 .ho_ 0.. 9r..~.r
dUetolny or • _. 1.111"9 1" n .....r.. iIpp......elUr><J rul"rt
1" 8..... BIB_) _. lOA"'''' by. con.ld.nb!. lner"." ln
d.n..,Uon. TIl• • h<Nr tUl"r. of _. UI8-2, ho~.r, .....
..eh _rt brntl. 1" ,...b,lr. __ 91..11>9 ...ry linl. _rnl1>9 0'
l-p-rdl"9 '.ltur••
8... UU_4
(1119" ••rcenu9. of 5tlrr\lp. - 4, Spa.,t"9)
'nl. cnck d....l_.. l or 8... UIB_4, i'lqur. 48, _.
9r"du.t dU. lO It.. "19" p.rc...t.9. or _b r.ln!orc_e"t.
"'rhr_ '1l.9On.l "uck. beg.n p ...n .... tln" the coarpre..lon
tone on the ... 0. dd. at a l ...d or J!>II: • 4011:. 'nl .. cU"".
nnl" '1.". ph,,_ent on d>....0. 1~. ot the .tlrrup••
Stl ..rup Ito) ~" pl<:kl,,'l up .tntn "pldl\, .0. 3S11: ."d
_. d>. ttnt to yI-.ld.t s<c1I:. stirrup. Ie:) .rd Cd).
~rth... out t .._ d> pport (5ee 7191'''. 471. yield'" .0. l d.
ot 70'< .nd 6411; p U ...dy. ""'.e n.lrrup•• -"".'. "e .
not c ......c toy the c<ttlc.l 41.<jOn.l " .."". whlCh .....qaln
ndd nUln In the 10nqltudinU .1._1 .... reached .0.
• load or 67'... co"'P*red to • yield load ot ss'< In a...
IIIB-J. Altheu"h the ned ..... 1" 1ncr....., conUd.utoly ••
the load ot 6t' .... _1" .... I"ad con.Unt (!'Iqu •• 371. u.. con_
" ...0.. "a.p lv••tr.I"...~In'" ..el.t1v.ly 10". and
eqlttI1torl" tor""'.
At • 10.'" ot 6ek the .tn1". I" both the ten.lon .teel
lind the «lncr.te COIOp.....lon zone "'.... In".....ln9 ....pidly
... con" t ..a1n ot J2C1<l IHI ......aco..ded •• thU load ....
u t "he. SI<;1n. ot cruahtnq t>eca",. "1atbl. 0"'" the
10 1/2" a. the l d of 6~1< .... "'.Ulned. 110".".... equl_
l1tort"..... &<;lain to.ed. ar.d ..,... load _ ••pplled. Tl>.
_ coU.p.c .1. 70'< •• the con"...t. o".r the 10_" 1 1/2-
to 2- _. cru.hc.
"ellur t1.Uy U l tn w lIo..ever.
th........ aqal" • concentr.t1"", ot ...-p h. atreln oye..
..
tt,. 10"." 1/2" .lIl..e.nt to t.h••uppon .nll ..n lndle"Uon th<Ot.
th. 1I1 .....1butlon of........ In "10.0" t.h. eoocUon ..... not 1Ir....
.... In _. IUB_J the IIU90n.1 e .... e!< op"-.d "140011' .t hilur•.
:~" t'" Ine...... -.d pereenu.9. "" ~'.l> at..1 r .. t ..... n<I,d
t.h. p tr.UOfl of u.. 111.9"".1 er"d< • •• coooparild t.o _"
1II8-I. nou e.n be .IHn In Pl<JUr. 41 by e<lOIP"rl"'l' t"e
eo-p.e..i .....trUn. of t.he u.., _"'. at eoq:>OI ....ble l~/I••
1M'" UI8-S
I/I ...U""I with t .... t of the ~lut fou. b .... 01 t.hU ...n ...
At I' w JOk • 10"<]••t.epl~· l~ellned e d< 10....~ ""dd.nly.
erO.. in') the ten.ion d at th.. cut !! P'''nt. "'/'he eraek
......0 ....ep thn nt\ .. lIy only on•• t.lrrul' ~". ero..ed.
Th.. "'.01n In t.hI ••UrNp lel iner.... "" frooo 0 to 400 MIt
.... loa" .... Ine......<I. the e .... ek penetr.t.ed .t a n.t
.lope to Within I" or the e~r"".I.... f.e. at the yield I~d
of ..UrNI' leI. ,,, SOk. "/11 .."0.... 1 ten.lon tYr. leHura
oeeu ...~ at ~'l.6k. when t~ia eraek .pltt ... tl ...1y th.~,qh tta
",",e fGt-nlon of the <!Uoqor>Ol
occurred el.. lta"..,.,dy at Wk.
t.act< .on" .""..,1& nil,H.
(See 1'....... SOl. •....
:'Il1"Jonel tendon cud< "". "n ."t..._lon In.... the ,"""",,renton
10<'_ of .. ne"" ... l "U'e!< .."leh _. Initiated at U'e cut-o:t
point of the top a .._1 in the t ......lon r~lC",. "",,U. the _.
of UIl" t.h<o ••••••• u co-panu:.., BoP," JII8-1 .. ith
n .... l lUi "ed thro"'lhaut the full lft'')th of til. t-...... the
nun'l'tl\ _. qreally .educ*'. The l..-d at <11.90<'_1 <:U<:l<1r,~
.... r~,,'" fl'Olll :>6" t.<> 30" a"d-"IU_t. load 1.000 17" ....
]()k.
_,u III ..... I. 2. and 3
&..1\.0"10' of t1'l••• three b ...." .... " .. <II' !l'Ie"U".1 to
that nr Beam rUB_I, (P1<JUr•• 51, 52, and 53l••x.,,,,,t u,a ..
U,ey "'ere al'l'nllic."tly & .. rOllger ...."" bflo,. In thla aul ••
.... tun....... ly "Uh Ule fo..,..Uon or UI. ".&"....&1 t.e"don
cuc~. ~. other t..., _ .........tre<! dl'Jhtly ....... load <.han
tNt at .1!\1ell the <UiIoq""el tude p .... tUte<l til. a:oopr... lon
zo"e. 0011_1>"'. or ..ch t>eoo...... .;un "".., "I t.h 1'0
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DIllCUsstON 91" TI.ST R&5t1LTli
Mo~" of Failur,
The behaVIor and mechenlem ot fellure tor b..m. with no
..eb relnforce.ent In the critical ,h..r 'pen 'greed generally
wtlh that <'I"'crl~" by other InvuU9<>ton. (6), (23). (2~).
PI!. {29/. 'revloue tut, by. both Monow (2~) an" 8o... r (6)
In<11",.tl<l ah..er-..-pr...lon tUlure tor lid .IUoa bdow
approximately 3.4 and .u~en dllqonel ten lion rallur. tor
aid qr.. ter t~n 3.4.
Serle. III b...e of thle lnve.tlgatlon ~d nomlnel a/d
ratto- of 4.0 and ••••
..eb reinforcement In Serle. III ~ • .udden, occurring either
'lNUltenecuely "tth or et !llghtly qr.ater 10ed then the
to~.tlon of the dl'90nel craCk.
The b •••• of Serl •• I hed n~ln.l ./d ratio' of 2.2 .nd
2,' and thaI' of aerie. 11 had en aid ratio of 2.9. WIth
two axcepttona (B.... IA_e .nd lIB_5), _II be_~1 of Serle_ 1
anc! 1I wlthout Itlrtupa lJUatilnec! a fallurl loac! lublUnttally
'J'rNtlr than thl c!lIgonll cracl<1ng 101c!. Crick penetration
Into the ~r••llon ~one WOI gra<lull, anc! I eub_tant111
'"
rOldl.trlbutlon of etralne .a. ob••eved. SplltL!nq alon9
the top neel thr....<jhout th. ah_r ep4ln followed /lU']",,_1
crack1", In .ach o~ th... b..~.. Ultl..... rallura ~.
ell...."l by cn..h1"9 ot the .,.....erUa at the en<l. of Ul.
dl&90,,&1 tenalon crack.
Th. t..., exceptlon.....ted .bov," ...... _me lA-a and
nB.5. S.... IA-.4 .... lda"u"al to both I.\-2 and 1....... 3
"'cept t".t t_ aua!n 'fa'!'.. _til p1aca/l on the ta"alon
areel In the all"" epa" {at 18" and 2.· trom the .upportl.
While IA-2 and IA-l tetled by ahear-cc.pr•••lon at load.
much qr_ter than the dlaqonal crackl"'] l"a/la, B••• lA-a /ltd
not experlen". any 819nlf1"_"t nrUn redletrlbuUon. and '"
<lU,""_l ......ton typ," , ..U" .. & """"treeS _11DO&" l_OIdUtdl'
after the dl'"90"&1 crack flret penetrated the co~r••• lon
tone. ham IIa-5 .... the cOIlIPenlon to UB-l wtth rhe teneton
et•• l ""t-otf In accordanc. with moment requirem.nt.. Not
only did the dUqonal ten.ion cract fono .t a 9q,atIl' reduced
lo.d, l:ut al.o the _e or failure .... by ....dden dl.90nU
t.nUetn.
a.a1ll. With W.b Re1nrorc ....ent
Som. b.... in 5.rl •• II and III were provided wlth
.urrup. 1n the cr1tical .hear .pan. Th••ech.n1_ of failur.
in 5erl .. II b with t.n.lon .t••l throu9nout the lenqth
or the b thlOt or .hear comprUaLon .dJacent to the
'"
suppon. follo.,lng yield of the eUrrop_ cro••ed by th.
craCk. With ..enalon u_.el cutoff (11M,. I11l-~) the c:rlt1".l
diaqonal <:..,alon cncl< ..... located .... .,h hrttle.. cut In "h.
ah.. r epan. Yellu ... ~. alella.. to the diagonal ten_Ion
tal lure lamedlately afte.. the atlrrupe ...."hed yield atralna.
In II_H". 111 b .....a "ith aUtrup. both the .h...... eooo·
pr••• len and the dleqonal ten&10n ~•• of tallure ""re
ob.en-ad •• a ..... IIIB_2 "Ith .... datively 11')ht • ..,.,nr of ..eb
relnforceroent hU..., ..nenUally In the ........anner lO. Ita
,,,,..penlon bum without .."b ..dntor".....nt., IlIS_l. i'o.,.atlon
of the "rltleal diagonal cra"k occurred at the ..... load and
In th....00e locauon. 'nl.. "Itt .... te load, of COllue, .....
a"bU.nUaUy g:-Nte but the .. ...,henl •• of tuture lo110"1"9
yield of the ulrrup th" ...... IInm. IIIll-l and IlII:l-e
....r. provld~ ~i~h hlgher percentageo of ~ob ate.l and ~ero
expected to davelop otrangtha near the ulti~te bending
copacl~y of the ,"ctlon. Tho dlagenal tan.lon fallure exp"rl-
enced in 1II8-1 ond IIIB_2 ~I' eff.cti~ely prevente". Coillpee
wle by cruehlng of the concrete edJacent to the eupport
following eubetantlal yielding of the tenelOn eteel.
Beall UIB-S ..... 1dlnUcal to UIB-4. l>.>t with the longl_
tudlnal .teel ""tott. 80th the crad<ln'l' lead Ind' the ulUlUtl
'"
atrength were _qUI' elgnlt1canuy rWlJ<:e~ om .... cOlllpared to
the companion be.~ With e~tende<l eteal.
Four .ajor variabl •• ~v. b••n noted to .~f.ct the
atrenglh of reinforce<! concrete b••ml In Ih..r. concrete
nrength/ percentage of t",,"l= r.inforc....nt' ""ea.. epan to
dlOpth r .. uo, and the _-..nt of ...b retnforc_ent. Throuqhaut
the pr"..",t Inv•• u",at1on the' Uut t .... of th......er 11'-
tatne<l r •••on_bly conI tInt. With the exception of t be•••
the concrete cylinder Itrength ~. maintained bet....n .000 and
4600 pIt. ror all prlcttcll ~l~••• the amount of tenllon
Iteel .... Ill" held conatlnt. (p. 1.3 percent end p. 1.7
percent. J
Whlle th••eJor dirt"...-n"•• In behavior for the bflam.
include<! 11' thtl _cody cln be Ittributed directly to difter-
enc.1 In lid ratio and In "DOUnt of Ittrrupa, the pre••nce
of three additional f~ctor••e~ .Ignlflcant Inauqh to ~Irlt
aeparate dllcu ••lon. Th••e additional factor. ar. the arr.nql_
eent of the lonqltudlnel ten.lon .tlel, the tenalon .teel cut-
off, and the loc~tlon of the dUqonal tenUon croCk.
The ruulte tobulated In Tebl. ~ Indicate thu the
averaqe .heerlnq .tre•• et dlaqonal cracking qenerelly decre•••a
'"
with Incr~••ln9 a/d retto. ror ~~. with 1dent1cal tenelon
ate.l .rr.n9~.nt. and with n..rly the ••me ooncrete atrengtne
the t.at. _how the follo~n9'
•s ..... .1' A"eu,!,_ "c (pU I











"e • v/bd _t diagonal ten810n crecking
More al'!1nlU"ant then thU. ho_ver, 1& the differen".. In
beh.",ior after dl.'l'o~l cracking for beam. of different aid
ratto,
able to .ccept the deep penetretton of the dtagonal creek
lote the c~pr•••lon tone and "arry .ub.~ntl.11ymore loed
for the.& b..... the diagonal ten.,lon creek wa. an ~t.n.lon
of .. "'.rtle_i ten_Ion "rae!< 10".. tltd generally _t d • 11" trOll
the Iupport. The b..... of longer ehear ep-n. $& ..1 •• III,
eould withe tend little Or nO loed beyond the polnt where the
".
• brtttle type ~1.90n.l t~.lon tal lura. The ~rltle.l
er.~ In th••• b••~. ~••1~~ IDC.t.~ rarther .~y frea
the .uppert. Conold.r, tor e><ample, Ul8-I. The dla,o"OI
ereck ~. an .xt~.lon .r the flexural traCk at .-.ut 2.·
ft_ the ."O'.,."t.
The location of tho trltl"el ereck app..ra ~ b -
what random. Conalderlng .,aln (118_1, ane ceuld " n
thole the "nU".l cud< t ..... e. an ."tendon of UleO.""nl
",,&(:1< tare"ut from the ."pport, ~ee.u•• of incr ...."
real_tanee ~ penetratIon offered by higher bendln, et••••••
at a.ctlone cloeer to the ."pport. However, In Be~. lIIA-2
and IIIA-) the dUg"n_l "nell. _. located In t.he ..... p.et-
tlon e. In IIIII_I. oven though a tLe>QlrU cuCl< hal! tome<!
hrther out.
The difference In fellure machen! ••••••oeleted with the
lon, end ahort eh.e. epa"e ..ay be pri~ari1y due to the local
compree.lon induced by the concentrated loade and aupp.rt
reactlon. In Serlee I and II beaoa the dlagonal creek
penetrated into the cOlllPrUUon zone nearly to tha ."';Ie of
the eupport bloc~. The ~ertlcal cQftPreeelon at thle point
would definltely tend to r.duc. the princIple tenelon belo~
the end of the creek, end thereby delay or etop the progree-
elon of the crac~.
n,
~t~le. lJ 'eam,. The effect' of etlrrupe on the r~l.trl_
button of attatnt followlnq ~tagon.l cracking era ahown cl~rly
by the 1000d ddono.tton alrv", 'lqu"" 25 en"",,,," 30,
t.o<JU.her with the cracking pathrne, n""na. 30 th"""9n 35,
Without aUrrupt (lIB_I) the ~.<l1.trlb,lt1on .... apparent
l~edl.t.ly following diagonal craCking at 3&". ~•• of bond
throughout the apan .... complete at • load of 40"". The
r .... lting uenato.,.etton from bNfI ."tion to tied-arch action
"en be •••n by the .harp lncr.a•• of compt•••lva atrelna at
I" above the bottOOll fiber. while. "e"rea•• In attalna
0"""'''''-.1 at th. e"treme Uben.
Although the diagonal t.nalon creck penetrated into the
compr...lon aon. at .bout the ..... load In B..... IIB-2 and
111_3, Ita proqr•••l0n at greatar load..... algn1!t".ntly
ctou.., by til. cuc"- had yielded. Cotop.r1.on. ot the .nun.
in the ccmpr •••lon zone (Flgur•• 27, 28, .nd 29) for lIB_I,
11B-2, .nd IIB_3 .how th.t the lncr••••d .tr.ln. It dlltlnce.
_boy. the .xtrem. fiber. Ire definitely 1.locllted With the
obl.ryed epllttlng Ind re.ultlng 10.1 of bend Ilong the t.n.10n
It••l. In S.... lIB_2 .pUttlng .... prey.ntell untll .U lur_
rup. w.r. yl.ld1ng (P ~ 16k ). AI loading we. Increl ••d trom
thl. point, the concrete .tralne at 1/2" lbeV. the bettom tiber
beqan Incr....lng tlp1dly r ....Uv. to tho.e at the "xtr.... fib.re.
$erie. I.I Be.rn., The ~"ma of tht. eerIe_ ~er. of
particuler lntere_t ~&C~_e they revealed an In~lcatlon that
the dlaqonal ten.ion type failure occurring In lonq ~m. 1.
tran.fonoad w1th Increa.lng .ooount. of ...b .t.... l ~ the ahear-
cornpre••Ion ~e of failure. Aa dlecua.ed prevlou.ly. the
bea...lth relati~ely llqht ..eb relnforcemant (II!B~2)
tailed In e••antl.lly the aama ~nner a. the beam ~ith no
.tir~pa. Ho~ever. a••tlr~pa "ere apaced mora cloaely
(1118_3 and I1IB_4). the crItIcal dlaqon.l tanelon crac~ waa
ahitted closer to the ~pport. Tha deep penetr.tlon of tha
cr.cI< resulted in a concentration Dr .traln In ths uncr.cked
COI!Ipr.. siotl 7.Dna similar to that o~.erved In the ahortor
ahear span.. hllura ..... by c~.hlnq of this ~OnS and _s
prec.ded by d ..Unlte yleldlnq of tha tan.lon ateel.
To tha ~rlter's kno..l ..~a very t .... _yatea.t1c _tudl .._
at relatlvaly lonq-.pan beam_ ...lth ~,"rylnq .0000nt& of ...eb
relnforca.ent heve b...n r@pOrted in the literature. On.. recent
Inv .._tiq.tion, however •• reported by Breeler and ~eordeli. (7)
Included t ..et apecl'oen_ quite almilar to the bNm_ of $eriee HI.
B...m. of the ....a .hear-apan to depth ratio ._ that of
Serlea III la/~ _ 4) wara ta.ted With ~.b r.lnforcement retlo••
Itrt y _ 0, 50, 75, and 100. (Beam_ IIIB-L. IHB_2. HIB_J.
IIIB~4 of the stUdy reported heraln had Itrt y v.luee of O. 57.8.
84.2, .nd U5.8. re_pecUvely. 'e.. Tabl. I.)
'rom A.tarence (1) tha ~. w1th no ...b relnforc~ant
lKrf y • OJ fal1ad by sudd.n dl.90na1 ten.lon tn the ..... monner
./d •• 73.
• 50 .... th.
a. b...... IUD-I. With the addition or ...b r.lnforc....nt the
tun ot R.t.r.n". P l Indlc.te<! th.t th. flOOd. ot i.Uur.
r ltl ot bea",. It~B_3 .nd IIIB-. CKrty • 84,2 and 115.8)
a~r lth thi. ~lndln~. b••", IIIB-2 (Krty • 57.8) f.l1ed In
dl.9On.l t.n'lon, Th. only notable dl~t.r.nc. bet....n bea",
IItB_2 and the bell'" ot R.f.t.nc. (7) ..ith Krf y
nlrrup-.p.cll>9-to_depU, ratio, In bea.. IUB-2
..hil. In the _ .. or R.f.ren". (1) ./d • t.
H.nc., it ... y b. that u •• of ...all.r .tirrup••t clo••r
COIIIpr...ion rood. ot tallurf!.
Co..parl.on. of th. b "ith • """bl._layered arr.n~._













•y~ • ~ at ~1'90nal tenalon cracking.
Hence, the diagonal cracking etrengthe of the b"~1 with the
double.layered arranqeMent were 1,21 and 1.27 tim•• tho•• of
the beam. ~th .t••l In • alngle laye.. tor Serl •• I and Ill,
....p..,Uvely.
Thie incr.aeed ....Ietanee Ie believed due to the Incree ••d
a..... Ita••, IIB-~. IIIII-5. end IIIB·6 In,H"at.......IO\u
r~ctlon In eh.a.. etrenth ~en ~r. ere terain_ted within
the tenelon tone.
The ben _re cut oU In accor".nce v1th the !>covUlon_
ot the ·S~nd.rd Sp.ctflcetione for K19h~y Brldg•• - (41. The
eut-off pointe ate .hewn tot ..en of th••• b ..... On the creck
pattern eh••te (Flgur•• Je, 35, 49 and SO.)
AJ.l rO\u bea,.. I••", """'P.n.1on .p..,l...na >olth e><Und.cl
et••l. The reduction In both diagonal cracking loade end ulti-
.ate uranqth can be •••" iro. T.bl •• 5 .n<'l 6,
In .11 c •••• the <'Il.90n.l c.n.lon t~.ek wa. lnlt1.c.<'I .t
the cYt-off point, .n<'l the .a<'l. ot r.11u~e wee that of <'I1.90na1
tenelon, Aa ...,.,1<'1 be axp.ctlt<l, the ett..,t of ba~ cut-ott wee
n.
TA81.11 6








Co!Ilpanlon Dt-goo"_l Crad<ln9 1I1u..au LoaCl
II.... "lth ~,











en.clt h..... <I.UnH. ettltCt on the be.... b"l>&vlor _nC! m..,hanUm
..,
PUrthar In~lcatlon of thla influence 1& _hown by com·
parteon of ~am I~4 with 1~2 .n~ I~3. The lattar two b••••
tall~ In _haar-compr••alan at loa~. qreatly In axe••• of
tho•• at dlaqonal cracklnq. B••• I~4 t.ll~ auddanly upon
to~tlon of the diagonal crack with e •••ntl_Ily no r~l.tri_
butlon of atra!na, While the influence of the atra!n gag ••
out In the chear apan vary likely va. a f.c~r. It 1& of
lntar•• t that. alight dlfteranca In crack location ~ld have
auch an axtr.ma .tt.ct po the ability of the beam to r •• ,at
p.nttc_tion of the diagonal crack.
A11I1LYSili or TUT R&itlLTs
01, 0), (10), (241, and (25). TIl. equ .. t1on r-=....ndltd by
acl~AsC~ Com-ttt•• 326 (1) h•• b.en .hown to qlve qood r • .ult.
~
-bd-l. g Vf~ • 2500 (Eq 'no 4)
On••ff."Uv. d.pth, ." fr"", the ••"U= of ... ><.1 ...... _..,t.
H....". :! .. l for th. b ...... of thU tnv•• Ug.Uon. TntJot a • .,
r • .ult••". co..pa"." ~th va1u •• prItd1ct." by thl. equat10n
in Tabl. 7.
"1.qonal cracking load for .11 except tho.e ~lth the .teel
cut o(f. Th"•• of th.fou" bea... ~ith the .teel cut oCt 1n
Ul\1~at' Ib.a, Str.ngth
Th. t.n re.ulU are CO<Dpared ,,'Ith cal=lated ultimate
web relnforclm~t Commltt•• 326 r.commend.d t~t th, load·
dulgn a. th, "ltl.... te lo.d cap"city In .h...... TIll. raqulr._
However, until the con~ltlon. un~er which thi. 'd~ltlonal
requl<ement I. ju.tlfled. Had the lo.d••nd r..ctlon. be.n
d.ve}oped,




wh.r. v. I .. the portIon ot the tot.l unIt .h.. r ".lYm.d to bI
carried by the .tl<Np', •• gIven by th.. tN..... n.logy. 'I"h"u
'.
T"I.I 7.
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Hence.
a 1.9 "'{'"t':; • 2500 ""' .
"
(Eq'n. "
the atungth. ".lcuhte<1 by ".10 of this equn.lon.




~here tv 18 the working etr••• for the .tir~p eteel. The
eUd "e.-d in all ten bee........ of Urn".t" ..al gull••""", ..ding
stirrup etre t y • 18,000 pai.
ror the b of _hotter eh... r epan (Serl •• I and III the
1... than two With rup."t to .h••r tanure, B...... IUB_I">,
which had no ...1> ...infoc"......,t. rUled ..ith .. rauo of only
f ....LI 8.
alIlI',.~.uc.0' n.Sf S1'UllCYI.S VI'nI
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• w•• 90 ,ot ... 100_ vlcloou. OIh...... ;
w•• 90' ~ , f"~ 100... wi" .<in....
•
It U not.<l that thU b.... .... on. '<hlch. hall the undon
cOIIPraaa10n c:oul<l alao ba prad1ct.<l on the baa1. ot a 11"ltln~
.."",.nt cdt.don. Thla haa ba.n aupport'acl by the tact th.t In
raUo. (21), (6).
use<l tor the ulU..... t. atnn~th in pur. ben<lln~. fo. the caae
A""lIIPtlona.
A. fdl"ra occ:un at tha aecUon of ... ><1 ........"",ant by
,.







ov.r the <lepth c









kkf'1>c o "'f'13" • ..., (Eq '<I. 0)
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reinforced bea~.l the probl~ of finding t.
u
1 ••impllfiod
by two facto. 1) The dl.tribuUon of .trl1n acroa. th..
_ection i. linear, 2) Cruahing _train ot coneret.. in tlexur.
pri~rlly a function of ,'o' For under-reinforced bea....
ultimate moment criterion i. further .1~lltied by the fact
that f.
u
_ fl" The .tre. bloCk p.ra.eter. have been evalu.ted





rotation about the compre"lon zone. producing a non-linear
~ea.urement. of thl••tudy. (figur... 27_29 and 42_44).
'"
Moody (24) .n~ Morrow (25) •••"mad etra!n ~l.ttlbutlon.
a. ahown 1n 'igure 54. On thia baal, each Inveatlqator
developed ~lrle'l axpr•••lona for the at••l atr••• at
fallure. Moody" equation. are boo.ed on a .,rln of al ..ple
end r ••tr.ln~ b..... under one and two concentrated load.,
Slaple b.~. and kn ••-fr..... form the baa!_ of Morrow'.
equHtona.
n.e "ltl..at.e _"nU for the b ...... fUBn", In eh... r_
compte••ion 1n thle etudy ere ca.parad wit.h the veluee pre-
dictad by the•• two fo~l•• In Tabl•• 9 and 10. Moody
."t..,"e<l hU crIterion to Incl\1"4 beam' with ..e1:> u!nforc:emOlnt.,
while Morrow con.tdered only beaN. without etirrup.. Moody'.
equation ~. round to oY.r_••tl~te the Itrenqth of ell be....
of thle etuely. The correlation ••emad to he eoaewhat better
for beam. without web r.lnforc:~.nt. Morrow'. ~u.tlon gave
a v.ry 900~ pred1ction for baa~. 1A-2 and tA-3, _ac~ of ~lc~
conU1n-.l a double layer of t_n_lon .t.el.
F~r bea~. 1B_1 and 11B-l t~. ~.a.ured .teel .tr••• at
~a11ure .......ub.t1t1.lUd 1nto the boletc .h••r __ent equ.Uon,
ueJnq the etr••• bloCk para~_t.r. fro~ both Moo~ and ~Qr.o~.
In ....ch ca... a "",ch better prediction of t~. actual .~ear­
eompr....lon .trenqt~ _. obu.lnltd. Thl .. 1. an lndlcaHon
tha!;. t~e bol.Jc criterion of .. 11..1Unq _ent 1 .. vaUd, l>.Jt
the ""'Jar probl_ I .. that of accurately prltdlctlnq the ateel
.. tr••••t f .. llure.
Th... trUn ~ea..,rernenU ae ehawn In H<]Ure. 27-29 "nd
42_44 Indicate a al~llarlty wlt~ t~e atr"Jn d1 .. trlbutl~n.
r.uLl! 9.
t«lHli1l1" Ar SMlAJ.·COIlPUSSlOII PAlUIU
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_u99f1f1t~ by both Moody and Morr~w. HOwavfI", the tactor_
..... lch could Intlu...c. the dlatriblJUon of _trUnfl arfl
nua...ou_. .xt.nt ot _pllttIo9 alon9 the tenflion fltflfli,
IncllnaUon ot the dU90nal' crt,o:t<••-..nt and _lWcln9 of
....b rfllntore••H. atra"9eoo..t ot tendon _....1.
UIU..... U fU.D9th In n,,,,,u
capacity In bflndIn9. IIy "tlIt...y'fI "tU_..e fI ..renqth crH.rlon
(taklnq t y • 75,000 pal find f~ _ .500 pfll)
~ • q (1 •• S9ql bd2t~ ......r. q • p ~
<
I"or "ttt_t. eruflhlD9 fldJacMt to tl,. fI"ppert. blCCll: thIa
yi.lda tor bfla.fI lIla·] and :11__.,
1. and ]SI Indlcat. d.flnlt. flI9n_ ot yl.ldI09 _t thla load,
tl,. "ltI_t. cruahlO9 loadfl ".r. fl19"IUcantly hlqh.r (t..t
Pu - n.T< and 70k tor III__ ] and Ill ......."".ctIvely). nu._
"IHerenc. Ifl b.lI ....." to be prl_rlly &.. to the hct that
the hlqh fltren"th flt •• l ua'" had IlttI. or nO ".tlnlt. yi.ld
<ldlnlt.ly 1n th. "Orl<-h.rd.n1n'll un'll ••
tor both beoo... )
( ••", • 10,000 MIl
I ....... tt.... t to obtlOl... b.tt.r ""1.. 10 •• th•• t ..el
.tr..._.trUn eurv. 1n th1 .. work-hard.nln'll rani..... approxl-




,.... tt,. rHUa. ot tour t""alon -..pon••n a".u'll"
OIqUatlon tor th••"..1 .tr.... 1.. "hl. ra,,'ll..... ""ken to b •
• •
'"
"".r. • ... and '"" .r. thOl "Xl... u ...1 an<l C:""C:ret"
.traln. at taU", ......<I fIN • ",800 • 1.42 X 10' (~J. ",,'
5UbUltuU.., l .. to Illuauon ( .. J ("*;I1KU"'l' "h. ee-p....lon
U._l)
".
The propartl •• of t~. etr••• block for




",ract; _re clearly lndJ..,.te<l 1ft boU. ot the•• _ ••
'"
1. ~.~. t •• ta reported he..atn ln~lc.t. two ,enaraJ
_ .. of e"N .. faUure In rlt1nto ..ced _creta !:>ea•• without
an"" re1"torc_t..
4. A "chaar eo.pr••alon" fat lure occurring
at. 0.. aection of ... ><1... _t and
'I\eI.r at 1...<la ..,"aUntJcUy q ........
thlln tu load at wh1c" U,. dJaqonal CUe!<
Uut p..atrate<'! u.. COIaPc... lon eDna,
CoII'pa. ~. by "ruehlng Of tht ~cret.
In the reduced ccapt••'lon to"a adjacent.
to the cupport, following a aI9"1!1"4"t
"e<llatrlbutlon of Internal ,tralne.
8. A "diagonal teneIO"" tallure occurring
,cnerally at _oma dta ..anca '~y from the
eupport at .. load ~'l to or only al19htly
9....tar than the 1.... <1 u. ""teh the crlu"al
dlA<jOfl;U ,Jon craCk to....,. -n,•••
faU"r <Sden. occurrln9 ...Itt> ~.ry
11tU__.."ln9.
2. In the ,n,...,ee of aUrrupa Indlcationa woere that tll.
_. or fUlure _. dfi'lnltel, '.lJOClatMl VItI> th. rehU".
po.1Llon ot the dl.~onal t.nalon crack wlthln the ah.ar .pan.
n. po.1Uon of the CUck, In tum, rdate<! to the l.n~th
of ah.. r .pan to dapth rauo, In b ot r.laUv.ly .hort
.h..r apan. (ald. 2.i and 2.9) the craex tor••d clo•• to the
.upport anc! pro<;l......d quctuaUy Into th., compr•••lon zo".
to ~Int. adjacent 0" above the .upport block. ror ald. 4
the crad< torue<! qenerally n.. r the middle of the .h..r .pan
and .pllt .l..o.t ~plataly throu9h the baa. b.tore ra.chlng
the .uppott.
An explan.tlon for tha dlft ....nc. In locarion of the
crack In the t.., C.. I •• c.. nnot b. oUe....,. It ••_. 10<;llcal,
how.v.r, to r".on that tha dIft.r.nc. In f .. tlur....chanl ...
1. dua to "1fterenc•• In r .. tratnt to th.. crack'. propaqatlon
"" it "roue. the neutral ald... AdJ"""nt to the ...pport not
only ar. the b.ndlnq .t larq.r, but "lao there i. " hlqh
local compr.a.lon cIu. to conc"ntratlon ot the aupport r .."tlon,
In the ca•• of tha lonq-Ipan baa.. tha crack II locat.d tarthlr
out, wh.r. the bendlnq .tr••lea ar. lowlr and the local
co~reilion 1. abient.
3. 'hert-Ip..n bea... with w.b relnfor"ement failed
be.lc..lly In the ..... menna..... did the comp.nlon b..~. without
atlrrup., foltowlnq yleldlnq of .11 etlrrupa cro...." by the
cr"d<. Spllttlng .. long th .. tenllon .t l "nd tha ra.ultlng
at .... ln r.,U.trtbutlon ob.arv"" In baa without .Urrup......
aU"ctlv.ly d.. layed unt1l th...urrup. h..d yi.lded.
'"
The long .pan ~a~ ~lth light web reln~orc~ent aleo
hU"d In the ••m.....nnet •• H .• C01llpanion bn.. "1t1'>o"t
etitrup.. The diagonal creek formed In the ."me location
at the Ume loee!. Diagonu teneion taUut. followed :field
of the ettrrupe.
In long epan b."". with .. high percent"g" of web .,t••l
the dhqonel ",...lon type taUur. out In th....tdelle of the
.h...... apan _. p ..""ent&d. SUrrup. neer the e..,ppon. yielded
firet, ~edl.trlbutlon of etratn••dJ.cent to th.. eupport
we. followed by cru.hing In thi. r~lon.
e. Both the d18gonel craCking load end the ultl,.ate
Ih•• r etrength ....r. locr•••ad "hen .. given _mount of tene10n
ned _. provided by ...alle.. reinforctn') ban placed In two
layer.. It 1. belie","" thoot the IncrM ••d r191d1ty of the
~oubl__ l.yerad .rr.nq~er.t el10"... qre.ter portion of the
total ahaar to be carrled by "dowel acUon·.
5. sea..a wlth longitudinal .teel cut oft at the polnt
whare It 1. no longar needed to ra.l.t ten.lon auftered a
reduction In both the dl.gonal cracklng load and ultlmate
.hear .trength. Thl. held trua evan In bea... Wlth cloaely
opacad oUrrupo. 'Itla two bee..a Without oUr...,po [Uled
ouddanly upon fo"""uon of the dUgonal cro.<:lc. Il.ach collapaed
completely aa the bare were .trlpped out o~ the concrete.
6. Tut etren<rthe. when COlllpared to the ...."1...... allow-
able .hearlng .tre.. pe.,.ltted by the AAliHO ·~tanda"d Specl-
tlcatlon, tor Klqhway Bridge," (4), Indlc.t~ r'c~r. ot
••t.ty ot .t l ...t two tor 15 or the 20 bee•• t.,ted, Of
the b_•• "lth 10".r !.,,~u ot ..t.ty, tour hald lonq
• haar .pan. (./d • 41. n.. lo_.t t.,,~.. ot ••t.ty _.
1.41. nu, partlINI'r be-.. had • lonq .h..r_ap.n, no
.t1rrup., .nd the t.,UOfl at ..l cut ott.
7, ror the _ .. V1th lV<t.,ded .t..l In on. hy.r, u..
new o\CI_UCI e-ttt•• 326 equ.t1on pr~l"ted the load .at
dl.agonal "r'd<11\<1 wtth qoo<l ."""ucy. n. tlo or t_t
.n..,qth ~ calcul.ted UU"'lth ..... led t 0.96 to LIe.
Wh., u.. t.n.lon .te.l wa, provld~ In two layer., the equ.a-
tlon ~••11qhtly .ar. oone.rv.tlv., ~_v.r, tor thr.e or
the ~•• ~lth the l.n.lon et.el CUt ott, the t •• t etren'lth
..... e01' ot the ".lculated v'lue,
e, T.lt r.lult. Indl"at. that .. "r1t.rlon tor .hear_
OO"'l'r"'lon !aHur. b••ed on • H.lt1nq _.nt ""I""1ty ..ey
b. vatld, provldln'l an ""curet••ltl.lt. ot the It••l otr'IO
.t 001101'0' "In be .od•.
•
'"
1. The r.~lt. of the part!cular b.ama e••ted ("dl~.t.
that the manner In which the loada and ...."tione are .,arrled
to the beam .... I' have a larqe "He"l of th" ,,!UMt.. ah..a ..
atrenqth and mode of ehear tailure, K1qh local compe"•• lve
tere•• In the viCinity of the CQnc~trated ~pport reaction
.e~ed to be c.aponelble for the development of the .hear_
compte••lon type railure, experienced In be.... or ahott ehear
opan.. In ..any mcnoH""I" tn.... 1000('18 and rea"Uonl are
"arrled to the ~.. or qleder •• dlatrlbuted ah.are trom
oth"...._beu fr."lnq Into It" Ud... Ilene", further t,uta
"houlCl Include _. "'ltl" oj IO<&da and r.actlon. "Ll11thr
to the b..... of thle .rudy, but ('II_tribute<! over 18..q,," .re.'"
lind b) loada and """ctlona dletdwted over the full depth
of the b..... rather ~.n concentrate4 on the top an~ botto~.
2. TO pro~i~e l1ght percentagee of web reinforcement et
practlcal etirrup epac1nga the uae of a~ll ~lam.ter, emooth
wire etirrupa wee require4 tor t~e beame of tnta atudy.
While .~equate anchorage wea pro~ldad by wrapping t~a atirrupa
around the tenelon eteel. there may ha~e been eome ~I!!erence
In b"ha~lor had ",,!orm,," bar eUrrupe been uaw. To confo=
mor" cloaely with practical beam ~eelqna. teat beame In the
'"
future should b. proportioned .uen that the larger atre,
",torMed bar. can b, ueed.
3. Four bNm. or thl, Itudy In,!1cH.e a definite laC!<
of ••tety In the pre.ent ~HO ~St.nd.rd 9p&Ctftcatlona for
Hlqh~y Bridge.- ~lth "'plct to allowing longitudinal bar.
to.be cut off In the ten_Ion zone. This r~ctlon In eh,a.
u.re"9th....oclated 101t1". boor cut-ort, hl>a b.en reported In
other Iwdl,.. of rleUn"",lar b ..."". (14l. (21) Nee<! of
further Itudy of tll1, eftect 1>&, definitely been Indicated.
Aa moat brldgl glrde.a ere ~ollthlC with the deCk
alab Ind are "ctu.. Uy '1'_bH''', tha 8ltu"UOn .... y be aom,""et
aUevlated In the bridge _cructure. rurtller ten. ahould
Include companion 'peel...na of both rectan"",1'. and T_aec_
tiona.
Alec, thi. reduction In atrangth may not be eo lever.
when the tenalon ateel consists of a larger number of s~aller
b<ln. In blUms With e"tend~ .ted the dHfuence 1n 8tren9tha
bstween the 81n91e and double-layered arran9~ent. was
""baUnua t.
Hance, 1n study1n9 the bar cut-off effect. a var1ety of
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.J.OCIDUR&li ,OIl. .uo,UCIITlOO ~ WATCR'IlOOYING O¥ 'l'KI
U_4 STUlll GAGU
Type A-lll, iR_4 .lec~rle atraln 9'9" ..ar.. u.~ for all
b.....,.cl"'''.. 'MI. InataUaUon ,roc,"""..._ u ••~ wna In
qlttleral. "!Io•• rltCOllirll.,.,dltd by the ......... t .."turn and iOr. ql~.n
•• follo....
• l." nt ot 9''1'' on the d.to....ed bOon uqulred the
r •.~v'l of 11 portIon of two of the lU9' to allow .pa"e
tor tI',. gag., The 111g8 and ..ill a,,&l .. "are r,""",va" ..lth ..
111.. lIlrlery cloth of •••1;1"," eoanen'" _. then ",ltd to obtain
.....ooth e\lda"••
Tha area ..... Undly clean••<1 with "arbon tetrachloride
end .,ethyl_ethyl keyton••
AepUfauop
The qa"" .... ,heed .nd held In podtion by taping tl'l.
lude to the boor. The lINda "era In...,lated fcOIII the bar by
phc1n9 .. __11 ptace of ..t_CUI"Rt t.ap. undar the 1...,;, and
tip of the 9a98. 4 Hhara1 '-oJnt of lluco hou••hQld "' nt
..... than .ppllitd hoth to ttl. bar and to th. 9-9.. 1'.- .-.. to
the '(lag. _a appl1ed thcou'(lh .....11 neopr.ne p.d ..npp~
firmly "lth h.avy .trlnq. After epplyln9 the ce=ent, •
Preaeure _a .pplled for .pproXl.ately 20 .lnutea, .fter
which tl,.. the ped .nd t.pe _re rerooved to .llo~' proper
CUring of the c_.",t. The c_ent _e th.n cured et e1r
t_ereture for three houu, .t UOo _l20or for 2 hour., end
.t 160°_170°, tor .n .ddition.l odght hour.,
copper wlre le.de were eoldered dlreetly to the te~lnal wlre.
prop.r functioning of the g.qe.
Waterprgofhq
•a touqh, but plUbh Uphelt1c _t.r1el .... "ee<l, "'e boor
over. 1e"'l'th of 2 1/2" to 3"), The aaphUt .... poure<l hot
•
"Petro1aetlc· .epha1t Ho. 155 obt.ined from the Amerlcan
BltulII.1h .nd .\.IpMlt Company, 200 8.... 1'1 stre.t, san Yr.ncu=,
CaUfornU.
'"
ovar the bar 1n t"", iiOyeu. 5'rlor to appUcauor> tI'le boor
..... heated 1n the vlclnity ot \11- 11&'1. to ".-event the ••p""lt
f.-om cool1nq too qul<:kll'. Atter the hret layer had cooled.
the iNde " e lapped baCk • .,ro.. the 9.9. to obtain eIIllad_
,,".nt ovn vb_UntUt 1""9th of the W1re. 'the Uut laye..
ot ••pha1t wa. pre••1ld and I<n"d~ whl1e atl11 aoft to .-e.G.._
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